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Chapter 2 

 

 

 

One-dimensional and two-dimensional Liquid 

Chromatography of sulfonated lignins. 
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Abstract 

 

One- and two-dimensional separation methods have been developed for the 

analysis of lignosulfonates and sulfonated Kraft lignins. The evaluated 

sulfonated lignins are all used as dispersants in agrochemical formulations, 

where some give rise to physical instabilities of formulations. It is of interest to 

identify the properties of the sulfonated lignins that determine the formulation 

characteristics. Tetrapentylammonium bromide has been used as an ion-pair 

reagent in a gradient-elution reversed phase Liquid-chromatographic (IP-RPLC) 

method, as well as in aqueous Size-Exclusion Chromatography (SEC). Clear 

differences in the size distribution were observed between different batches of 

sulfonated lignins. The RPLC and SEC methods were combined in a 

comprehensive two-dimensional Liquid Chromatography system. The retention 

times in the two dimensions were highly correlated. Therefore, the full potential 

of comprehensive two-dimensional Liquid Chromatography was not yet 

realized. However, the results did reveal that retention in IP-RPLC was not 

determined by the degree of sulfonation of similar-size molecules. Rather, 

molecules were separated according to size and the degree of sulfonation 

appears to be approximately constant. The information obtained in this study 

represents a significant step towards meaningful correlations between the 

requirements of surfactants within an agrochemical formulation and structural 

parameters, such as the size and the degree of sulfonation of lignin oligomers. 

 

 

 

This chapter partially based on the following article: One-dimensional and two-dimensional 
Liquid Chromatography of sulfonated lignins S. Brudin, J. Berwick, M. Duffin, P. 
Schoenmakers. J. Chromatogr. A, 2008, 1201, Issue 2, pp 196-201  
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2.1 Introduction 

Lignin is a three-dimensional polymer [1] and one of the most abundant natural 

raw materials on earth [2]. Lignins are considered to be polymers of p-coumaryl 

alcohol, coniferyl alcohol and sinapyl alcohol [1,3]. About 1.5% of the 70·109 kg 

of the lignin by-products that are produced by the pulp and paper industries are 

used commercially [4]. There are two main pulping processes, i.e. the sulphite 

process and the Kraft (or sulphate) process. Lignosulfonates arise from the 

sulphite process and they are highly water soluble, due to their high degree of 

sulphonation. They are often used as surfactants. Due to their hydrophilicity, 

they used to be hard to separate and purify, but nowadays several purification 

steps have been introduced. Kraft lignin is produced in the sulphate process. For 

many of the Kraft lignins applications, mostly as dispersing agents, the material 

is too hydrophobic and it is modified by sulphonation to enhance its 

performance [5].  

 

The present study is limited to the evaluation of lignosulfonates and sulfonated 

Kraft lignins in use as dispersing agents in agrochemical formulations. The 

ultimate aim of our work is to correlate the chemical structure of sulfonated 

lignins with the physical properties of the resulting formulations. It has been 

shown in the past that there is a correlation between the choice of lignin used in 

the agrochemical formulation and its stability. Hence, it is of great importance to 

understand the physical properties of the sulfonated lignins. Ion-Pair (IP) 

Reversed-Phase Liquid Chromatography (RPLC) and Ion-Pair Size-Exclusion 

Chromatography (SEC) may be used to distinguish between batches of 

sulfonated lignins that give rise to physically stable formulations (‘good’ 

batches) and those that may result in flocculation or other instabilities (‘bad’ 

batches). It should be noticed that what is ‘good’ or ‘bad’ in the present context 

may be different for other formulations. The main objective of the present study 

is to develop methods that allow us to distinguish between different batches. 
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Initial results are based on visual inspection of the analytical data; future work 

will incorporate chemometric methodology.  

 

IP-RPLC has been used in the past for the determination of lignosulfonates in 

ground and drinking water. A separation of oligomers is observed [6]. RPLC has 

also been used as part of a sample-preparation procedure to isolate lignin dimers 

[7] and as a method to detect lignin-decomposition products in alcoholic 

beverages [8]. Cupric oxide oxidation is a method commonly used to achieve 

degradation of lignin material. In combination with HPLC this method reveals 

information about the phenolic degradation products [9-13]. Major efforts have 

been made to determine the molecular-weight distribution of lignins and 

sulfonated lignins and a large numbers of publications on SEC exist. Work 

aimed at the standardization of SEC methods for lignins is in progress [14]. For 

SEC of lignins two methods are most commonly used. One is based on an 

alkaline mobile phase in combination with a hydrophilic stationary phase [15, 

16]. In the other method tetrahydrofuran (THF) is used as the mobile phase 

combined with polystyrene-based packing materials [17, 18]. The combination 

of THF and polystyrene does not appear to be the optimal choice for water-

soluble sulfonated lignins [14]. These problems may be overcome by forming 

quarternary-amine complexes of different types of lignins. This is done by 

extracting lignins, such as Kraft lignin, lignosulphonic acid, or organosol lignin, 

with methyl trioctyl ammonium chloride from an alkaline solution to an organic 

solvent [19]. SEC methods in which salts, such as lithium bromide [15] and 

lithium chloride, are used in combination with dimethyl sulfoxide 

(DMSO)/water or dimethylacetamide (DMAc) have also proven successful [20]. 

Due to the complex structure of lignins, their characterisation is difficult. Quite 

often combinations of different analytical techniques are employed, for example 

Fourier-transform infrared and nuclear-magnetic-resonance spectroscopy, 

titration, and SEC [21].  
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Our goal is to develop comprehensive two-dimensional LC (LC×LC) methods 

for the characterization of complex sulfonated lignins. In such separations the 

entire sample is subjected to two different separation modes [22]. In a typical 

LC×LC separation the first-dimension separation is slow and employs a low 

flow rate, while the second-dimension separation is fast. The ideal combination 

of phase systems is orthogonal [23]. In this paper we are combining Ion-Pair 

RPLC and Ion-Pair SEC. We will demonstrate the feasibility of using LC×LC 

for the characterization of sulfonated lignins. 

 

2.2 Experimental 

2.2.1. Samples, solutions and materials  

Ultrazine-NA (Borregaard, Lingothech, Norway), a highly refined and modified 

sodium lignosulphonate derived from spruce wood sulphite liquor, was used as a 

reference material for development of the Ion-Pair RPLC method. Samples of 

sodium lignosulphonate (‘bad batch’, 2 samples, S12 and S14; total sulphur 

6.7%) and sulfonated Kraft lignin (‘good batch’, four samples, S3, S10, S13, and 

S15; total sulphur 12.3%) previously used in agrochemical  formulations by 

Syngenta (Bracknell, UK) were studied in this work. These sulfonated lignins 

are commercially available and evaluated from a ‘lignin-users’ perspective. 

Hence, the information regarding composition of the analysed samples is 

restricted to what can be found in data sheets and MSDS, as is the way of lignin 

production. Upon use of these six lignins in agrochemical formulations it was 

clear that some of the lignins gave give rise to formulation instability, such as 

flocculation. Samples S3–S15 were analysed after optimization of the Ion-Pair 

RPLC method for the Ultrazine-NA standard. Samples were dissolved in water 

in concentrations between 2 and 2.5 mg/mL. 25 µl was injected on the RP 

column after filtration through 0.45-µm PTFE syringe filters (National Scientific 

Company, Rockwood, USA). Tetrapentylammonium bromide (TPAB) >99% 
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(Aldrich, Steinheim, Germany) was added to the mobile phase as ion-pair agent. 

The mobile phases consisted of acetonitrile (ACN, ULS/MS grade, Biosolve, 

Valkenswaard, The Netherlands) and water purified by Sartorious (Arium) water 

purifier (Goettingen, Germany). Component A was water and component B was 

90% ACN, 10%water (90/10). Both components contained 0.05 g/L TPAB. The 

mobile phases were filtered through a 0.45-µm Millipore HV filter (Billerica, 

MA, USA) before use. The optimized method for IP-RPLC separation was 

found to run from 0% to 30% component B in 20 min, then on to 90% in 280 

min. Recovery studies for SEC were conducted by carefully comparing the peak 

areas obtained with and without a column installed. Therefore, the addition of 

different salts at different concentrations to the mobile phase was evaluated. 

Lithium bromide (LiBr) >99% was purchased from Sigma Aldrich (Steinheim, 

Germany) and lithium chloride (LiCl) >99% was obtained from Acros (Geel, 

Belgium). For this purpose the samples described above were used. Aliquots of 

2 µL were injected at a flow rate of 0.2 mL/min. A series of replicate 

measurements were performed for each sample. For SEC the optimum mobile 

phase was found to contain 0.05 M LiBr and 0.05 g/L TPAB in water. A 

detection wavelength of 285 nm was used throughout. The two optimized 

methods were combined to realize LC×LC, with the first-dimension flow rate 

being 50 µL/min and the second-dimension flow rate 1 mL/min. 

 

2.2.2 Instrumentation 

Three pumps (LC-10ADvp Shimadzu, Kyoto, Japan) were used for delivering 

mobile phase at the required flow rates. Two pumps were used for performing 

gradient-elution experiments in the first dimension. Injections of 25 µL for the 

first-dimension separation or 2 µL for the recovery study were made using a 

Waters 717- plus autosampler. All sulfonated lignins were separated in the first 

dimension on a 250 mm×1.0 mm Phenomenex (Macclesfield, UK) Sperisorb 5-

µm ODS column and a PL aquagel-OH20, dimensions 300 mm×7.5 mm, 5 µm 
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(Church Stretton, UK) SEC column in the second dimension, the same column 

was used for the recovery studies. Both columns were kept at 35 °C in a Waters 

column heating module. UV detection was performed using an Applied 

Biosystems (Foster City, CA, USA) 757 absorbance detector. The LC system 

was controlled using a CBM-20A Prominence communications bus module 

(Shimadzu). An air-actuated 10-port two-position VICI valve (Valco, Schenkon, 

Switzerland) equipped with two sample loops with a volume of 250 µLwas used 

as the interface between the 1st and 2nd dimension. The valve was switched 

every 2.5 min, collecting a fraction of 125 µL from the first dimension for 

injection onto the second-dimension column. 

 

2.2.3 Data processing 

One-dimensional data was processed using Shimadzu Chromatography software 

class-VP 7. Conversion of the resulting raw data obtained in LC×LC 

experiments was achieved using laboratory routines programmed in MatLab 

(Natick, MA, USA). 

 

2.3 Results and discussion 

Six representative samples were evaluated that were previously used in a 

specific agrochemical formulation. Our aim was to develop analytical methods 

that could distinguish between ‘good’ and ‘bad’ batches of sulfonated lignin for 

this particular application. Two of the six sulfonated lignin samples gave rise to 

formulation instability upon use in agrochemical formulations. It is important to 

note that batches that are ‘good’ in this particular formulation may perform 

badly in other formulations (and vice versa). Furthermore, this evaluation has 

been made form a lignin-user point of view, which differs from the perspective 

of the manufacturer. The user’s aim is to extract as much information on these 

commercially available LS as possible and correlate the data to formulation 

instabilities.  



 
Fig. 1. Three different gradient-elution separations of the Ultrazine-NA reference material. 
The gradient resulting in the chromatogram marked C was chosen for further optimization. 
 

2.3.1 Ion-Pair RPLC 

Sulfonated lignins are anionic surfactants and they are charged in the pH range 

accessible with RPLC. In order to enable reversed phase separation an ion-

pairing agent can be added. In this study TPAB was used. The sample is much 

too complex to achieve baseline separation of all components, but a significant 

degree of separation was achieved, as can be seen in Fig. 1 where Ultrazine-NA 

(the reference material) was analysed using three different gradient programs. 

This may be due to two different separation mechanisms, viz., (i) the charge-to-

size ratio may be the same (or similar) for all of the constituents within a 

sample; in that case a separation of oligomeric lignosulfonates may be seen, with 

larger oligomers eluting later than smaller ones; (ii) the size-to-charge ratio 

(degree of sulphonation) within the sample is not constant; in this case the 

separation may be due to different numbers of tetrapentyl-ammonium ions 

bound to a lignin molecule of approximately constant size. Initial experiments 

were performed with a concentration of the ion-pairing agent TPAB of 0.025 

g/L. Fig. 1 shows the resulting chromatograms for the separation of Ultrazine 

using three different gradients. Gradient A run from 0 to 100% component B in 
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200 min, gradient B run from 0 to 100% component B in 300 min and gradient 

C, the optimized method for IP-RPLC separation was found to run from 0 to 

30% component B in 20 min, then on to 90% in 280 min. As this gradient is 

intended as the first-dimension separation in LC×LC, the flow rate was kept at 

50 µL/min. The gradient resulting in the chromatogram marked C is selected as 

the optimum separation for sulfonated lignin.  

 
Fig. 2. Different concentrations of TPAB in combination with the optimized method, from the 
top (A, 0.025; B, 0.05; C, 0.1 and D, 0.15 g TPAB/L). 0.05 g/L was chosen as the optimum 
concentration (marked B). Ultrazine-NA was used as reference sample.  
 

The selectivity of this method is considerably better than that achieved for the 

two others gradients shown. By altering the concentration of TPAB the 

separation could be further improved. Fig. 2 shows the effect of increasing the 

concentration of TPAB. Doubling the concentration of TPAB from 0.025 to 0.05 

g/L yielded better resolution between the peaks in the beginning of the 

chromatogram (100-180 min), while the peak shape was improved. Further 

increasing the TPAB concentration did not improve the separation. The sample 

was retained longer on the column and the resolution decreased. The optimum 

TPAB concentration was found to be 0.05 g/L. After optimizing the first-

dimension separation, the six sulfonated lignin samples used in agrochemical 
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formulations were analysed. Fig. 3 shows clear differences between the six 

samples. Sulfonated-lignin samples S12 and S14 have been reported to result in 

unstable agrochemical formulations.  

 

 
Fig. 3. Six sulfonated lignins used in agrochemical formulations analysed using the optimized 
gradient and concentration of TPAB. Clear differences between the six samples can be 
observed. 
 

2.3.2 Ion-Pair SEC 

The use of SEC for the analysis of sulfonated lignins has proven quite intricate. 

Adsorption of the analyte to the SEC stationary phase was observed. Therefore, 

the addition of different salts, at different concentrations, to the mobile phase 

was evaluated. The SEC method was optimized using three of the six selected 

samples; all the samples were analysed with the optimal method. The 

experimental data on recovery of the samples from the SEC column are listed in 

Table 1. Recoveries were calculated by dividing the peak area obtained for the 

sample with the column installed by that obtained without the column. If no salt 

was added to the SEC mobile phase, all the samples were totally excluded from 

the pores of the packing material; no differences in size could be observed.  

 

 

54 

 



Table 1 Recovery (%) of sulfonated lignins from a PL aquagel-OH20 SEC column.  
sample Additives in aqueous mobile phase 

S3 S10 S12 S13 S14 S15 
0.05 M LiCl - - - 84 104 90 
0.1 M LiCl - - - 69 94 54 
0.05 M LiBr - - - 93 98 93 
0.1 M LiBr - - - 87 106 90 
0.05 LiBr + 0.05 g/L TPAB 96 95 99 96 101 103 
0.05 LiBr + 0.1 g/L TPAB - - - 97 103 100 

- Not studied 

 

When salt is added to the mobile phase, the electrostatic interactions between the 

sample molecules and stationary-phase surface inside the pores of the packing 

material are reduced. The sample molecules can penetrate the pores, and the 

sample elutes later. When no interactions remain, a size-based separation is 

obtained. The results shown in Table 1 indicate that too high a salt concentration 

will also lead to adsorption of the sample molecules on the packing material. 

One way of avoiding these adsorption phenomena proved to be the addition of 

an ion-pairing agent to the mobile phase. It can be seen in Table 1 that the 

degree of adsorption is reduced when TPAB is added. SEC can be used as a tool 

to distinguish between different batches of lignins, rather than for determining 

absolute sizes or molecular weight distributions. This is illustrated in Fig. 4. 

Differences in the SEC chromatograms obtained for ‘good’ and ‘bad’ batches 

are obvious.  

 
Fig. 4. SEC profiles of the six chosen sulfonated lignins. Clear differences can be seen 
between ‘good’ and ‘bad’ batches. The size distributions are clearly different. 
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2.3.3. Comprehensive two-dimensional Liquid Chromatography (LC×LC) 

By coupling Ion-Pair RPLC with Ion-Pair SEC it was possible to achieve 

LC×LC separations of sulfonated lignins. Differences between ‘good’ and ‘bad’ 

batches can be seen in Fig. 5. It is seen that the oligomers that are eluted early in 

the first-dimension separation increase in size as retention increases. Earlier we 

suggested that two mechanisms may underlay the separation, viz., (i) separation 

according to size at a (roughly) constant degree of separation or (ii) separation 

according to degree of sulphonation at (roughly) constant molecular weight. The 

present results suggest that the first separation mechanism prevails. The charge-

to-size ratio may be the same (or similar) for all of the constituents within a 

sample. When retention increases in IP-RPLC, it decreases in IP-SEC, 

illustrating that the size of the molecules is increasing. Two separation 

techniques that are both based on size are not optimal from the perspective of 

comprehensive two-dimensional separations. However, Fig. 5 does tell us 

something about the nature of the sample by correlating the degree of 

sulphonation to the size of the molecules. Judging by the two dimensional 

chromatograms, we may tentatively conclude that the degree of sulphonation 

may be roughly constant throughout the sample. If the degree/ratio of 

sulphonation were unevenly distributed throughout the sample one would 

observe a different two-dimensional profile. 

 

The developed technique is designed to be sensitive to differences in chemistry, 

which can be related to the formulation properties. This method is not a 

traditional chemical breakdown, but could possible be used as a screening tool, 

which in combination with statistical analysis may be used in (for example) 

production plants to monitor the consistency of incoming ingredients (in this 

case sulfonated lignins), to regulate approval of new suppliers, etc. The ability to 

measure the degree of sulphonation as a function of molecular weight may 



provide a way to distinguish between ’good’ and ’bad’ batches of sulfonated 

lignins. 

 
Fig. 5. Example of two-dimensional separation for two sulfonated-lignin samples (S10, a 
‘good’ batch and S14, a ‘bad’ batch). 
 

2.4 Conclusion 

Two one-dimensional methods have been developed, i.e. an Ion-Pair RPLC and 

an Ion-Pair SEC method. In both cases adsorption was minimized by adding 

TPAB. The developed methods show clear differences between ‘good’ and ‘bad’ 

batches of sulfonated lignins. The analytical techniques used to distinguish 

between ‘good’ and ‘bad’ batches of sulfonated lignins should be chosen based 

on the properties of the samples that are responsible for formulation instability. 

This information is, however, not always easy to obtain. The developed LC×LC 

methodology is lengthy and it may only be utilized to distinguish ‘good’ batches 

from ‘bad’ ones if the performance of the sulfonated lignins is related to the 

homogeneity of the sulphonation and the uniformity of the molecular size. If 

other physical properties play a role in the formulation instability, different 

separation modes may need to be developed. This may also be needed to achieve 

orthogonality and thus make full use of the separation power (peak capacity) that 

LC×LC has to offer. It is of great importance to investigate which of the 
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physical or chemical properties of the sulfonated lignin are causing the 

formulation instability.  
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