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Chapter 3 

 

 

 

Analysis of sulfonated lignins used in agrochemical 

formulations by Capillary Electrophoresis, Inductively 

Coupled Plasma Mass Spectrometry and elemental 

analysis.  
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Abstract  

 

In this study two complementary approaches for determination of charge-to-size 

ratio for sulfonated lignins have been investigated and evaluated. Both 

approaches, capillary electrophoresis (CE) with UV detection and a combination 

of inductively coupled plasma – mass spectrometry and organic elemental 

analysis, were shown to be robust and straightforward. Similar results were 

obtained from the two independent methods. The study was restricted to the 

evaluation of sulfonated lignins used in agrochemical formulations and it was 

conducted from a lignin-user’s point of view. Principle component analysis was 

utilized to group the sulfonated lignins and to identify variations within a group. 

The repeatability for the CE analysis was high (RSD < 1% for retention time and 

< 3% for peak area) and the CE data were corroborated by the elemental analysis 

data. This study also included evaluation of CE coupled with mass spectrometry 

as a technique for characterizing sulfonated lignins. 
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3.1 Introduction 

Lignin originates from plants and is one of the most abundant raw materials on 

earth. Lignin can be viewed as a complex polymer built up from three alcohol 

monomers, i.e.: p-comaryl alcohol, coniferyl alcohol, and sinapyl alcohol [1-4]. 

Sulfonated lignins are by-products in the pulp and paper industry. Here two 

pulping processes are mainly used, viz. the Kraft process (about 90% of the 

paper production), which yields Kraft lignin, and the sulfite process (about 5% 

of the paper production), yielding lignosulfonates. The sulfur content of the 

lignosulfonates (about 5%) is higher than that of the Kraft lignins (about 2%) 

[4]. To date only about 2% of the available lignin in the pulp industry is used 

commercially [2]. Sulfonated lignins are used either as low-cost ingredients (e.g. 

as dispersing agents and binders), or as high-quality dispersants from modified 

Kraft lignins [2,4]. According to Gosselink et al. lignin is a highly renewable 

raw material with unique characteristics and multiple chemical and biophysical 

functionalities. Lignin is, however, still not utilized to its full potential, since it is 

viewed as a low-quality material [2].  

 

Even though sulfonated lignins are viewed as low-quality material, lignins find 

their use in several applications. In the present study sulfonated lignins used as 

dispersants in agrochemical formulations are evaluated. With use, some lignins 

have been found to perform in a non-satisfactory way but to date existing 

analytical methods have failed to connect this poor process behaviour with 

measurable properties of the sulfonated lignins. At this point in time there is no 

systematic way to determine whether a lignin batch will perform well or poorly 

in the chosen application. This clearly demonstrates that there is a need for the 

characterization and classification of sulfonated lignins. If adequate analyses can 

be performed at the product-development level the understanding of the 

relationships between physical properties of the sulfonated lignins and their 
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performance will be enhanced. A better understanding and knowledge of the 

physical properties is crucial when one wishes to compare different types of 

sulfonated lignins. Several approaches to the analysis of sulfonated lignins exist 

[5] but there is a need for standardized methodologies [2]. One of the most 

commonly employed techniques is Size-Exclusion Chromatography (SEC) [6-

9]. Great efforts have been made to determine the molecular-weight distributions 

of sulfonated lignins [5,9]. The physiochemical properties of lignins and 

sulfonated lignins were found to be affected by their molecular-weight 

distributions, this means that size determination and monitoring is an important 

tool for when technical lignins are evaluated for a certain application [9, 13]. In 

a previous study considering similar selected sulfonated lignins as evaluated in 

this work it was shown that size differences exist [10].  

 

Another physicochemical property that may potentially affect the behaviour of 

sulfonated lignins in an end application is their charge-to-size ratio. Freidheim et 

al. [6] showed that Ba-lignosulfonates, after they had precipitated on a cellulose 

column, could be fractionated by step-wise elution in ethanol-water mixtures of 

decreasing ethanol content. They concluded that size alone does not explain the 

solubility of the sulfonated lignins and that one also has to take into account the 

sulfonate content. Monitoring the charge-to-size ratio for lignins to be used as 

dispersants in different types of formulations is, therefore, of significant interest. 

In this study two different approaches were evaluated, namely capillary 

electrophoresis (CE) and elemental analysis. In the past CE has been used for 

separating low-molecular-weight lignin-derived sulfonates obtained from the 

sulphite cooking process [11]. In that study the analysis were performed at low 

pH (1.7). Under these conditions the electro-osmotic flow (EOF) will be 

negligible. Only the analytes containing sulfonated groups will be ionized and, 

hence, migrate through the capillary. CE has not yet been explored for the 
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separation and characterization of high-molar-mass sulfonated lignins. CE has 

been used to study other kinds of lignin products, obtained, by treating different 

types of wood by digestion (soda and Quatam) [12], permanganate oxidation 

[13], thioacid hydrolysis [14], and alkaline CuO oxidation of humic acids, which 

are very similar to lignins [15]. In these studies the separation of low-molar-

mass products was considered with an objective to obtain information on the 

lignin composition, rather than the size-to-charge ratio.  

 

An independent way to obtain information on the charge-to-size ratio is 

elemental analysis. The ratio of the sulphur content (sulfonated groups) to the 

carbon content (S/C) can be used as an indication of the size-to-charge ratio. In 

this work the sulfur content of the sulfonated lignins was determined by 

inductively coupled plasma-mass spectrometry (ICP-MS) and the carbon content 

by organic elemental analysis. The relationship between CE data and elemental 

composition was also investigated.  

 

3.2 Experimental  

3.2.1 Instrumentation and methods  

For the exploration of electrophoretic separations an Agilent 3DCE system 

(Agilent Technologies, Waldbronn, Germany) equipped with a UV diode-array 

detector (DAD; operated at 210 nm) was used. Separations were carried out 

using linear poly(acrylamide) coated fused-silica capillaries (Polymicro 

Technologies, Phoenix, AZ, USA) of 600 mm total length (515 mm effective 

length) and 50 µm i.d. The injection was performed by applying 4000 Pa 

pressure for 10 s. The separation was achieved by applying a negative-polarity 

program. The voltage was increased from 0 to 20 kV in 0.3 min and then held 

for 20 min. The cassette temperature was maintained at 20 °C and the UV 
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absorbance was recorded at 210 nm. Prior to each injection the capillary was 

flushed with the running electrolyte for 4 min. The running electrolyte consisted 

of 10 mM sodium dihydrogen phosphate (puriss, p.a.; Fluka, Steinheim, 

Germany), adjusted to a pH of 1.9 with phosphoric acid. (BDH, AnalaR, 88%, 

Lutterworth, Leicestershire, UK). After optimizing the CE-UV methodology, the 

method was transferred to CE-MS. Here the same type of coated capillary was 

used, but a longer length was required (800 mm total length). The separation 

was performed in a similar fashion as described above, with the exception that 

the final voltage was held for 25 min and that a 5 mbar (500 Pa) pressure was 

applied at the capillary inlet throughout the run. The injection was made by 

applying 5000 Pa pressure for 20 sec. In the CE-MS part of this project, the 

running electrolyte was replaced by an MS compatible buffer, i.e. 1 M formic 

acid. The CE capillary was coupled to an Agilent 6300 ion-trap mass 

spectrometer by means of an Agilent CE ESI-MS sprayer kit. The sheath liquid 

used was 60/40 propanol/water at a flow rate of 4 L/min. The nebuliser-gas 

pressure was set to 69 kPa, the drying gas was delivered at 10 L/min at a 

temperature of 130°C, and the capillary offset was +3000 V. Agilent 

Chemstation software was used for data processing. Prior to principal-

component analysis (PCA) of the CE-UV data in Excel (Exstat application; 

Microsoft, USA); the data were normalized based on the total sample 

concentration.  

 

Some of the evaluated sulfonated lignin samples were also analysed by ICP-MS 

using a newly commissioned Thermo Fisher Element 2 magnetic sector 

instrument with high resolution capability (Thermo Fisher, Bremen, Germany). 

Both Na and S were determined using medium resolution mode (m/∆m ~4500) 

allowing the major isotope of S (32S) to be accurately measured interference free 

from 16O2 (similar nominal mass). Quantitation was performed using external 

calibration based on freshly prepared standard solutions (QCD Analysts, MISA 
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suite of solutions, USA). The chosen lignin samples were also analysed for total 

nitrogen, carbon and hydrogen using a Thermo Finnigan EA 1112 Series Flash 

Elemental Analyser. Each sample was weighed into a tin capsule using a 

Sartorius SE2 ultra-microbalance with an accuracy of 0.1 g. Combustion of the 

pressed tin cups was achieved in ultra-high-purity oxygen at 1000°C, using 

tungstic oxide on alumina as an oxidising agent, followed by reduced copper 

wires as a reducing agent. The results were calibrated using a certified 

sulphanilamide standard.  

 

3.2.2 Reagents and Sample preparation 

For the CE-UV experiments 36 sulfonated lignin samples were dissolved at 

concentrations between 1.0 and 1.2 mg/g in ultrapure water Of these, 14 were 

sulfonated Kraft lignins, 21 were lignosulfonates (all obtained from Syngenta, 

Jealott’s Hill, UK) and one was lignosulfonic acid calcium salt purchased from 

Aldrich (Milwaukee, WI, USA). 1,2-Benzenedisulfonic acid, dipotassium salt, 

(Aldrich) was used as a model compound and prepared at a concentration of 

0.024 mg/g in ultrapure water. The six running electrolytes were prepared by 

dissolving sodium dihydrogen phosphate to a concentration of 10 mM adjusted 

with phosphoric acid to a pH of 1.9 for buffer no. 1, buffer 2 was: 5 mM with 

pH: 2.0, buffer no. 3 was: 2.5 mM with pH 2.2, buffer no. 4: 20 mM with pH: 

2.2, buffer no. 5: 10 mM with pH: 2.4 and buffer no. 6: 5 mM with pH 2.5. The 

samples chosen for further CE-MS evaluation were prepared at concentrations 

between 9.1-13.9 mg/g in ultrapure water. 1,2-Benzenedisulfonic acid, 

dipotassium salt (used for optimizing the sensitivity and monitoring the 

migration time) was prepared at a concentration of 1.17 mg/g in ultrapure water. 

The running buffer for the CE-MS experiments was prepared by dissolving 

formic acid at 1 M in ultrapure water. All running electrolytes and samples were 

filtered using syringe filters (0.45-µm, Nylon; Grace, Deerfield, IL, USA) prior 
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to analysis by CE. All ultrapure water used was prepared using a Millipore 

(Bedford, MA, USA) Milli-Q system. For ICP-MS analysis typically 40 mg of 

selected sample was dissolved in 100 g of ultrapure water with 1 mL nitric acid 

added. Indium was also added as an internal standard (final concentration 100 

g/L). For the organic elemental analysis between 0.7 and 1.7 mg of sample 

were weighed into tin capsules. Identical samples were evaluated by ICP-MS 

and organic elemental analysis, and were dried at 75 °C for 24 h and ground 

prior to weighing and analysis.  

 

3.3 Results and Discussion 

 

3.3.1 Optimization of CE-UV methodology 

In the initial part of this study one of the sulfonated lignins was used to optimize 

the method. The goal was to achieve a separation with as high a resolution as 

possible in order to enable comparison between the different sulfonated lignins. 

A running electrolyte with low pH (around 2) was chosen as under such 

conditions the electroosmotic flow through the capillary will be negligible and 

only charged analytes would migrate through the capillary. By applying a 

negative voltage on the capillary and detecting at the positive electrode, only 

negatively charged analytes, i.e. those with sulfonate groups will migrate 

towards the detector. The separation achieved under these conditions would be 

based on a combination of the charge and the size of the ions in solution. 

Initially a non-coated fused-silica capillary was used. The results were found to 

not be repeatable and it was suspected that the analytes were adsorbing to the 

capillary walls, thus changing the capillary and its behaviour under CE 

conditions. By replacing the bare fused-silica capillary by one coated with linear 

poly acrylamide (LPA) adsorption was circumvented. All separations were 
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performed at –20 kV. Six buffers, with different pH and buffer concentrations, 

were evaluated and the repeatability achieved with each buffer was calculated 

(see Table 1).  

 

Table 1. Buffers evaluated for optimization of CE, RSD values calculated from triplicate 
runs. 

Repeatability (RSD, n=3) Buffer nr. Concentration 
evaluated buffers 

Retention time Peak Area 

1 10 mM NaH2PO4, pH: 1.9 0.1% 3.3% 

2 5 mM NaH2PO4, pH: 2.0 0.6% 2.8% 

3 2.5 mM NaH2PO4, pH: 2.2 0.4% 5.6% 

4 20 mM NaH2PO4, pH: 2.2 0.1% 4.3% 

5 10 mM NaH2PO4, pH: 2.4 0.2% 5.1% 

6 5 mM NaH2PO4, pH: 2.5 0.1% 6.1% 

 

The separation obtained with each buffer can be seen in Fig. 1. Since the goal 

was to attain as much information about the sulfonated lignins as possible, the 

buffer giving the greatest extent of separation was chosen. The best separation 

was observed for buffers nr. 1 and nr. 4. Since buffer nr.1 showed somewhat 

shorter analysis times is was selected for evaluation of the remaining lignins. 

When the remaining 35 sulfonated lignins were analysed with the developed 

method, clear differences in the charge-to-size ratios were observed. In Fig. 2, 

the electropherograms for some of the evaluated sulfonated lignins can be seen. 

The lignins marked S12 and S14 had performed poorly (‘bad’ batches) in 

agrochemical formulations, whereas S3, S10, S13 and S15 performed well 

(‘good’ batches). 



 

Figure 1. CE of a sulfonated Kraft lignins using six different buffers (see table 1). Voltage 
applied, –20 kV; running time, 20 min; LPA-coated capillary, wavelength 210 nm.  

 

Samples S27 and S-DP are (according to the supplier) similar products, and the 

final Aldrich sample is a lignin ‘standard’ purchased from Aldrich. Based on the 

CE separation mechanism, a faster migration of the lignin through the capillary 

indicates a higher charge-to-size ratio. Another observation is that the lignins 

that performed well (‘good’ batch) or poorly (‘bad’ batch) in these agrochemical 

formulations had somewhat different profiles. For example, samples S10 and 

S15 (two of the ‘good’ batches), migrated faster through the capillary, indicating 

that these samples were likely to have the highest charge-to-size ratio. The 

developed method proved repeatable for all separated samples (RSD < 1% for 

retention time and < 3% for peak area). 
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Figure 2. Electropherograms for some of the evaluated lignins. S12 and S14 performed 
poorly in agrochemical formulations (‘bad’ batches); S3, S10, S13 and S15 performed well in 
agrochemical formulations (‘good’ batches). Samples s27 and S-DP are similar products; the 
Aldrich sample is a lignin ‘standard’ from Aldrich. Buffer 1 (see Table 1), other conditions as 
in Fig.1. 

 

In order to further investigate the obtained results for all the 36 lignins, 

principal-component analysis (PCA) was performed. The results were evaluated 

in two different ways. First we investigated whether the developed CE method 

could be used to distinguish between different types of lignins. We also wanted 

to investigate whether any subgroups could be identified. Figs. 3A and 3B show 

the resulting PCA score plots. In Fig. 3A three groups (I, II and III) can be seen. 

Group I consists of only one single sample (the Aldrich one; all samples are run 

in triplicate), group II consists of 18 samples and group III of 16 samples. The 

electrophoretic profiles for the lignins in group II were very similar to one 

another, the shape being similar to S27 and S-DP in Fig. 2. Group III is 
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somewhat more diffuse than group II. The explanation is that there are some 

possible outliers or deviating samples present in this group. By performing PCA 

on group III (see Fig. 3B) it becomes clear that this group is not homogenous.  

 

 

Figure 3. A) PCA score plot of all 36 analysed lignin samples, three groups I, II and III are 
observed. 3B) score plot of group III of Fig 3A (16 samples). 

 

The sulfonated lignins in group III have been used in agrochemical formulations 

and upon use some of them have given rise to formulation instabilities; these 

have been marked as ‘bad’ in the PCA plot. From figure 3B it is obvious that 

some of the ‘good’ lignins may also appear as outliers. The ‘good’ outliers (S3 

and S13 in Fig.2) and the ‘bad’ outliers (S12 and S14 in Fig.2) have quite 

similar electropheretic profiles. This could be interpreted as though the ‘good’ 

and ‘bad’ outliers have similar charge-to-size ratios. 

 

3.3.2 Elemental analysis 

To provide support for the relative charge-to-size ratios established by CE, 

analysis by ICP-MS and organic elemental methods were performed on the 

sulfonated lignins. Using these two techniques information on the carbon and 
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sulfur contents as well as possible counter ions is gained. Sulfur-to-carbon ratios 

were calculated and compared to the lignin observed mobility in the CE method. 

The underlying assumption is that all sulfur is present in the form of sulfonate 

groups attached to the lignin. The lignins shown in Fig. 2 were evaluated using 

ICP-MS and organic elemental analysis. In Table 2 the results (in %w/w) are 

summarized. The calculated S/C ratios are in reasonable agreement with the 

results of the CE experiments (last column in Table 2).  

Table 2. Summary of results from organic elemental and ICP-MS analysis of selected 
sulfonated lignins. Concentrations as %w/w. 

 N% 

 a 

C% 

 a 

H%  

a 

Na% 

b 

S% 

b 

S/C Na/S Approx. 
migration time 

in CE (min) 

S3  0.06 35.2 3.2 8.8 8.9 0.25 0.99 7.70 

S10  0.05 27.3 2.7 11.7 11.6 0.43 1.01 7.25 

S12  0.05 31.2 3.6 9.9 8.4 0.27 1.18 7.80 

S13  0.06 35.4 3.4 9.2 9.4 0.27 0.98 7.70 

S14  0.06 31.4 3.3 9.5 8.4 0.27 1.13 7.70 

S15  0.04 28.3 2.5 11.3 11.7 0.41 0.97 7.25 

S27  0.07 44.4 5.8 4.9 5.8 0.13 0.84 8.50 

DP578  0.07 45.1 4.6 5.6 6.1 0.14 0.92 8.50 

a. Elemental Analysis, b. ICP-MS Analysis 

 

The ‘good’ and ‘bad’ outliers indicated in the PCA plot have similar S/C ratios 

(‘good’: S3: 0.25; S13: 0.27; ‘bad’: S12: 0.27; S14: 0.27), explaining the 

similarity of their electrophoretic profiles. The S/C ratios also explain the fast 

migration of S10 and S15 and the slower migration of S27 and S-DP. Sodium 

concentrations were also determined as Na was the predominant counter-ion of 

the considered lignin materials. More sodium was found to be present than 

corresponding to the number of sulfonated groups, indicating that other charged 



groups, such as carboxylic groups may be present in the samples. Interestingly, 

the ‘bad’ samples (S12 and S14) show higher concentrations of sodium. The 

sodium concentration may potentially affect the expansion of the polyelectrolyte 

in solution [16], possibly affecting the ability of particular samples to stabilise 

specific formulations. Further research would be required to determine whether 

the sodium-to-sulfur ratio is a good predictor of the formulation performance of 

sulfonated lignins. This, however, falls outside the scope of the present study. 

 

3.3.3 Transfer of CE-UV method to CE-MS  

In previous sections it has been clearly demonstrated that there are variations in 

the charge-to-size ratio of the evaluated lignins. To investigate this in more 

detail the previously developed CE-UV method was transferred to CE-MS and 

the selected lignins (S3, S10, S12, S13, S14, S15, S27, S-DP) were subjected to 

analysis. Several adjustments to the methodology had to be made to make it 

compatible with MS. The capillary length had to be increased (from 600 mm to 

800 mm) to reach the MS from the CE system. The running buffer was changed 

from one based on phosphate to a suitable volatile buffer based on formic acid. 

At 1 M formic acid the electrophoretic profile for S3 (Fig. 4) was found to be 

similar to the profile achieved with the previously optimized buffer 1 (compare 

Fig.1, top electropherograms).  

 

2.5 5 7.5 10 12.5 15 17.5

mAU

-4

-2

0

2
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Figure 4. Electropherogram of sample S3 with UV detection, but run under CE-MS 
conditions. 1 M formic acid, –20 kV, LPA coated capillary, length 800 mm. 
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Several sheath liquids were evaluated, a mixture of 60/40 n-propanol/water was 

found to yield the highest signal-to-noise ratio for the model compound 

benzenedisulfonic acid. An example of the initial results that could be achieved 

with CE-MS is shown in Fig. 5.  
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Figure 5. CE-MS separations of A, S10; B, S27, and C, S-DP. For each sample the total-ion- 
current trace is shown, as well as two mass spectra at the indicated times. 

 

The figure shows total ion current (TIC) traces for samples S10 (group III in Fig. 

3A), S27 (group II) and S-DP (group II). Two examples of mass spectra are 

shown for each sample (10 and 12.5 min for S10; 12.5 and 15 min for S27 and 

S-DP). The electropherograms of Fig. 5 reveal great differences between S10 

and the other two samples. Similar differences as previously observed with CE-

UV are also observed in the TIC profiles. It is clear from Fig. 5 that some mass 

spectral information can be obtained on sulfonated lignins using CE-MS. 

However, the complex mass spectra have not yet been interpreted. Also, it is not 

clear at this stage which fraction of the sample is actually ionized in the CE-MS 

interface. Therefore, it is too early to decide whether CE-MS will ultimately be 

suitable for the analysis of sulfonated lignins.  
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3.4 Conclusions 

Two complimentary approaches to determine the charge-to-size ratio of 

sulfonated lignins have been investigated and compared. Both CE-UV and the 

combination of ICP-MS and organic elemental analysis were found to be useful. 

The results obtained from the two techniques were complimentary. CE-UV 

yields data on the electrophoretic mobility, while the elemental techniques 

yielded a ratio of sulphur and carbon concentrations. Both parameters are 

thought to be related with the size-to-charge ratio of the samples. When PCA 

was performed on the CE data of 36 lignin samples several groups could be 

identified. The group of lignins that had been used in agrochemical formulations 

was found to feature both ‘good’ and ‘bad’ outliers. Upon closer inspection of 

the electrophoretic profiles the ‘good’ and ‘bad’ outliers proved to be similar, 

indicating that the samples had similar charge-to-size ratios. This conclusion 

was confirmed when the lignins were analysed by ICP-MS and organic 

elemental analysis. The ‘good’ and ‘bad’ outliers had similar S/C ratios (0.25-

0.27). The developed methodology revealed clear differences in the charge-to-

size ratios of sulfonated lignins. However, this property of the sulfonated lignin 

by itself does not determine the stability of the present kind of agricultural 

formulations. The elemental techniques offer the possibility to study other 

parameters, such as the ratio of sodium counter ions and the sulphur content. 

This parameter may prove useful to discriminate between ’good’ and ’bad’ 

sulfonated lignins for specific applications. CE-MS was applied for the first time 

for the characterization of sulfonated lignins. The technique was found to yield 

considerable amounts of data, but these are of yet difficult to interpret. CE-MS 

of sulfonated lignins requires further study. One interesting possibility is to add 

an ion-pairer to the system, so that the ionization process can be influenced.  
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