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Lignosulfonates are biobased surfactants and specialty chemicals, which are usually produced as a byproduct

during sulfite pulping of wood. They are the technical lignin that is, by far, the most commercially traded and are

hence vital for replacing non‑renewable and fossil‑based chemicals. Due to their prominent use as plasticizers,

dispersants, and stabilizers, the physicochemical properties of lignosulfonates play a key role in determining their

end‑use and performance. Their chemical composition and structure are inherently linked to the characteristic

behavior of lignosulfonates.

This entry hence outlines the fundamental chemistry of lignosulfonates, while discussing the following

physicochemical properties:

· Solubility in different solvents

· Conformation and shape in aqueous solution

· Self-association and agglomeration in aqueous solution

· Precipitation

· Adsorption at surfaces and interfaces

Lignosulfonate  lignin  surfactant  adsorption  dispersant

1. Introduction

Lignosulfonates are generated as a by‑product during sulfite pulping of wood . During this process, the “infinite”

lignin network is broken down and sulfonate groups are introduced on the lignin. The degraded lignin is hence

rendered water‑soluble and can be separated from the cellulosic fibers and material. Lignin isolated by a different

process may alternatively be sulfonated post‑separation, e.g. as sulfonated or sulfomethylated Kraft, soda or

hydrolysis lignin . The original lignin structure is preserved to a certain degree, which endows lignosulfonates

with its amphiphilic properties. In technical applications, lignosulfonates are usually found as the polyelectrolyte salt

of the lignosulfonic acid. Anionic groups such as sulfonate and carboxylic groups ensure water solubility, while less

polar groups, i.e. aromatic and aliphatic moieties, facilitate interactions with surfaces and interfaces. Due to their

surface activity, lignosulfonates are considered surfactants.

The most common use is as a dispersant , which includes applications such as concrete plasticizers, drilling mud

thinners, coal-slurry and dye dispersants . In 1999, roughly 50% of the annually produced lignosulfonates were

used as admixtures in concrete . Other application areas include chelating and complexation agents, soil

conditioning agents, floatation agents, dust binders, and emulsion stabilizers . Emulsion stabilization with

lignosulfonates requires high shear during emulsification, as the effect on interfacial tension is less than that of
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commercial surfactants . Still, lignosulfonates can produce highly stable emulsions, which has yielded

applications for example in agrochemical formulation . Experimentally explored but not fully commercialized are

applications such as corrosion and scale inhibitors, CO  flooding and enhanced oil recovery, as well as polymer

precursors and additives .

2. Chemical Composition

Lignosulfonates are described as randomly‑branched polyaromatic polyelectrolytes , which exhibit

water‑solubility and surfactant‑like behavior . Hydrophilicity is imparted by the presence of anionic sulfonate

groups, but also by anionic carboxylate groups and (at high pH) phenolic hydroxyl groups . The counterion is

often a remnant from the pulping process, such as sodium, calcium, magnesium, or ammonia, which facilitates

dissociation in aqueous solution. Apart from the dissociation equilibrium, the counterion may otherwise determine

the physicochemical properties of lignosulfonates, for example by affecting the polymer conformation . Some of

the polar functional groups, that is, ketones, aldehydes, and methoxy groups, are not operative hydrophilic groups

. Aliphatic hydroxyl and ether groups can be intrinsically hydrophilic; however, their functionality is determined by

the surrounding molecular structure . Two examples of generic lignosulfonate structures are shown in

Figure 1. It should be noted that these are simplifications of a more complicated picture. Lignosulfonates should be

considered as statistical entities rather than classical chemical compounds, due to their polydisperse structure and

molecular weight . The molecular weight of lignosulfonates may span from less than 1000 g/mol to more than

400 000 g/mol in molecular weight . Other technical lignin usually exhibits a lower M  and a less broad

distribution, as for example in case of soda lignin (1000 – 15 000 g/mol), Kraft lignin (1500 – 25 000 g/mol) or

organosolv lignin (500 – 5000 g/mol) . Lignosulfonate composition, structure, molecular weight distribution, and

abundance of functional groups is dependent on aspects such as the biomass origin, sulfite pulping conditions, and

post‑extraction fractionation and chemical modifications.
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Figure 1. Generic (simplified) structure of lignosulfonates according to Kun and Pukanszky  (left), and Fiorani et

al. (right).

3. Physicochemical Properties of Lignosulfonates

3.1. Solubility in Different Solvents

In contrast to other technical lignin, lignosulfonate possesses good water solubility due to an abundance of

sulfonate groups . Solutions of 53 wt.% in water have been reported , which would entail that the

water‑solubility of lignosulfonate is virtually unlimited. Myrvold further studied the solubility of different

lignosulfonate samples in various solvents . The author showed that, apart from water, lignosulfonates also

possess good solubility in ethylene glycol, propylene glycol, dimethyl sulfoxide (DMSO), as well as methanol‑water

and dioxane-water blends with more than 20 % water. Limited solubility was reported for dimethyl formamide,

methanol, cyclohexylamine, and acetic acid. It was concluded that hardwood lignosulfonates have Hansen

solubility parameters further away from water than softwood lignosulfonates . Solubility in ionic liquids at 90

°C has furthermore been demonstrated, such as choline acetate, tributylmethylphosphoniummethyl sulfate or N-

butyl-N-methylpyrrolidinium dicyanamide .

3.2. Conformation and Shape in Aqueous Solution

An early model of the lignosulfonate conformation in aqueous solution was given by Rezanowich and Goring .

Based on light scattering and viscosity measurements, a microgel model was developed. The authors further

proposed that the free charges were only located on the surface of the spherical molecule, as is illustrated in

Figure 2. These assumptions were later refuted or refined. Following the polyelectrolyte expansion of

lignosulfonates in dependence of molecular weight, Myrvold concluded that the randomly branched polyelectrolyte

model provided the best description . This suggested that the lignosulfonate is not a microgel structure. In

addition, the spherical conformation only approximated the shape of low molecular lignosulfonate. At high
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molecular weight, the shape was better approximated by an “elongated or fully stretched shape” . The

conformation of lignosulfonates aqueous solution may indeed be better described as oblate spheroid shape .

Figure 2. Idealized structure and shape of the sodium lignosulfonate macromolecule in solution according to (a)

Rezanowich et al.  (top-left), (b) Myrvold and Lauten et al.  (top-right), (c) Valencia et al.  (bottom-left)

and (d) Qian et al.  (bottom-right).

At low salinity and low lignosulfonate concentration, the lignosulfonate molecule is expanded due to electrostatic

repulsion between the anionic groups . This expansion is dependent on ionic strength, as for example

increasing counterion concentrations can reduce the dissociation‑associated equilibrium. In addition, charge

screening occurs at high salinity. Both effects reduce electrostatic repulsion and therefore lessen the degree of

expansion. An additional effect governing polyelectrolyte expansion is the pH dependent dissociation.

Lignosulfonate’s sulfonate groups are mostly dissociated above pH 2, however, the carboxylic groups ionize at

about pH 3-4 and the phenolic groups at around pH 9-10 . Increasing the pH from 2 to 10 was hence reported

to increase the molecular dimensions . Li et al. furthermore showed in dynamic light scattering experiments that

the hydrodynamic radius of lignosulfonate molecules decreased at increasing temperature . The entropy is

higher at elevated temperature, which enables a larger number of possible conformations, thus also reducing the

average molecular dimensions .

3.3. Self-Association and Agglomeration in Aqueous Solution

[18]

[36][37]

[35] [18] [5] [21]

[37]

[38]

[39][40]

[41]

[42]

[38]



Lignosulfonates | Encyclopedia.pub

https://encyclopedia.pub/entry/5961 5/16

As any system that strives to minimize the total potential energy, lignosulfonates can aggregate in aqueous

solution. It has long been suggested that this aggregation is the result of hydrophobic interactions , where the

hydrophobic moieties are oriented towards the aggregate core and the hydrophilic moieties are concentrated on

the aggregate surface. As a recent study on fluorescence excitation spectra showed, sodium lignosulfonate tends

to form oriented π‑π‑stacking with the spectroscopic characteristics of J‑aggregates . In addition, hydrogen

bonding has been suggested as a mechanism for lignosulfonate‑lignosulfonate attractive interactions . Vainio

et al. performed experiments on small‑angle X‑ray scattering, which suggested that lignosulfonate molecules

aggregate on the long edges into flat aggregates .

Reports are diverging on the geometry of the aggregates. One report stated that lignosulfonate aggregates are

nearly spherical , whereas another report illustrated a hollow configuration . As Myrvold demonstrated,

aggregation and disaggregation of lignosulfonate is highly dependent on the preparation method and parameters,

such as temperature, pH, equilibration time, and concentration . Both a condensed nearly‑spherical and an

open‑hollow configuration are therefore realistic.

Two schematics of the proposed mechanisms during lignosulfonate aggregation are shown in Figure 3. It should be

noted that the geometrical representation for individual lignosulfonate molecules used by Vainio et al. , that is,

flat cuboid like particles, is not consistent with the spheroidal conformation reported by other authors .

Figure 3. Lignosulfonate aggregation mechanism as proposed by Vaninio et al.  (left) or by Myrvold  (right).

Lignosulfonate aggregation can be induced by increasing lignosulfonate or salt concentration, by adding alcohol,

by reducing pH, and by increasing the temperature . A common denominator among most of these actions

is that electrostatic repulsion is reduced, which may further enhance hydrophobic interactions.

Increasing the concentration of lignosulfonate or of another added electrolyte will increase the ionic strength. This

can induce Coulomb shielding of the anionic groups or yield a lower degree of dissociation. Electrostatic repulsion

between individual lignosulfonate molecules is reduced and less hydrophilic moieties will be more exposed due to

a larger number of possible conformations . Both effects can facilitate hydrophobic interactions, which can lead

to aggregation. Adding an alcohol solvent to the aqueous solution can have a similar effect, as the overall dielectric
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constant is reduced leading to a lower degree of dissociation of the anionic groups. This has been shown for

example by addition of methanol, which yielded a reduction of the relative permittivity in proximity of lignosulfonate

molecules .

Lignosulfonate aggregation was also reported to be caused by a temperature increase to 38 °C and above .

This was accompanied by a reduction of the zeta potential , which would be coherent with a lower degree of

dissociation . As discussed previously, increasing the temperature will reduce the polyelectrolyte expansion of

lignosulfonates, as a higher number of conformations become thermodynamically possible . Such behavior

would naturally facilitate aggregation, as the hydrophobic moieties become more exposed. It is interesting to note

that the overall charge was affected, even though the differences in dielectric constant and dissociation constant

are small .

The pH can especially affect the dissociation of anionic functional groups in lignosulfonates. Tang et al. reported

that disaggregation of sodium lignosulfonate can occur above pH 10.34 . It was argued that ionization of the

phenolic groups increased electrostatic repulsion between the lignosulfonate molecules, leading to breakup of the

aggregates. These results are in contrast to Yan et al., who found that increasing the pH from 3 to 12 yielded a

steady increase of reduced viscosity . All in all, lowering the pH could in theory promote aggregation, however,

precipitation is more commonly observed as the result of pH reduction.

Classical surfactants are composed of a hydrophilic head and a lipophilic tail. This orderly arrangement accounts

for rather defined properties, such as the critical micelle concentration (CMC). The analogous counterpart of

lignosulfonates would be the critical aggregation concentration (CAC). Overall, reports on the CAC value of

lignosulfonates are not consistent. Fluorescence spectrometry detected values between 0.15 – 0.24 g/l in one case

 and 0.05 g/l in another case . Rana et al. reported CAC values of 10 - 19 wt.% deduced from surface tension

measurements . Park et al. determined a CAC of 24.8 g/l by using the same technique . Qiu et al. determined

a CAC of 0.38 g/l via UV‑spectrometry ; however, the validity of this measurement is questionable, since

UV‑spectrometry does not provide a linear response (absorbance increase per concentration increment) at high

lignosulfonate concentrations. Overall, lignosulfonate aggregation and de‑aggregation is a kinetic process that is

especially affected by the origin and composition of the sample . A certain difference in CAC is therefore to be

expected between authors, who performed their measurements on dissimilar samples.

3.4. Precipitation

Lignosulfonate precipitation from solution can be caused by a number of changes that destabilize its solubility. The

addition of another electrolyte can invoke precipitation by salting out . As has been reported, the salting out

tendency for various ions is in line with both the Schulze‑Hardy rule and the Hofmeister series , with the

exception of a few ions. It was further discussed that the observed effects could not be explained by the common

ion effect or screening effects. Adding a solvent to an aqueous solution can cause precipitation of lignosulfonates

as well , as there are many solvents that are miscible with water but pose as poor solvents for lignosulfonates

. Precipitation of technical lignin by pH reduction is a common method, for example to separate the lignin from
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alkali black liquor during wood pulping . At pH 3 or lower, both the phenolic and carboxylic acid groups are mostly

undissociated , which can lead to lignosulfonate precipitation if the ratio of sulfonic to carboxylic acid groups

is too low.

3.5. Adsorption at Surfaces and Interfaces

Adsorption and desorption of lignosulfonates follow a similar behavior as that of other surfactants. Langmuir

isotherm has been reported by several authors to describe the equilibrium adsorption of lignosulfonates on solids

. At the water‑air surface or water‑oil interface, lignosulfonate adsorption is evident by a decrease in

surface or interfacial tension . This decrease follows a linear‑logarithmic progression with increasing

lignosulfonate concentration , but above a certain concentration the effect can decrease in slope, which has

been related to the aggregation onset by some authors . Figure 4 exhibits two comparisons of surface tension

plots for lignosulfonates with other surfactants and polymers.

Figure 4. Equilibrium surface tension (water-air) in dependence of surfactant or polymer concentration.

Comparison of lignosulfonates (LS) with polyelectrolyte polymers (left)  or with the surfactants dodecyl

benzenesulfonate (DBS), nonylphenyl polyoxyethylene glycol (PONP, Ingepal CO-720) and polysorbate 20 (PS20,

Tween 20) (right) .

Overall, lignosulfonate addition caused a larger reduction of surface tension than polyelectrolyte polymers, such as

sodium polyacrylate or sodium polystyrenesulfonate . On the other hand, less reduction of surface or interfacial

tension than regular surfactants was reported , such as sodium dodecyl sulfate or nonylphenyl

polyoxyethylene glycol. Reports are contradictory on the effect of molecular weight. One study stated that

lignosulfonates with a lower average molecular weight displayed a tendency to induce larger changes of interfacial

tension , whereas another reported that with increasing molecular weight the effect on surface tension became

stronger . The reduction of surface or interfacial tension can further be enhanced by increasing ionic strength or

by reducing the pH .

Measurements of surface or interfacial tension are also instrumental for studying the kinetics of lignosulfonate

adsorption. Several hours or more are usually needed to attain an equilibrium state . To explain this

comparably long equilibration time, it was proposed that lignosulfonate molecules undergo diffusion exchange at

the interface, and that individual molecules are subject to rearrangement with respect to the interface and to each
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other . Such conformational realignment has for example been described for petroleum asphaltenes at the

water‑oil interface . Both lignosulfonates and asphaltenes are polybranched and exhibiting a tendency for

self‑association. In addition, lignosulfonates and petroleum asphaltenes have in common that emulsions stabilized

by these components require overnight storage before processing , as the emulsions would otherwise be less

stable. These two species have hence been compared in terms of interfacial phenomena .

The dynamics of lignosulfonate adsorption at the air‑water interface was studied for example by Yan and Yang ,

who showed that the adsorption kinetics are faster at low pH or at high ionic strength. The authors furthermore

measured Langmuir surface compression isotherms and proposed a generalized model, which is shown in Figure

5. This model suggested a closer packing density facilitated by increased lignosulfonate concentration or higher

ionic strength. This is in agreement, for example, with findings that suggest a smaller area per molecule at the

interface at high salinity as compared to the low salinity condition . In addition, an alignment of charged

moieties into the aqueous phase is suggested, while the hydrophobic moieties are partly extended into the

non‑aqueous phase .

Figure 5. Model view of lignosulfonate adsorption according to Yan and Yang  (left) and Ruwoldt et al. 

(right).

Fundamentally, the model view proposed by Yan and Yang is in line with the generally accepted theories; however,

two statements were made that are in disagreement with other literature references, that is, the formation of a

monolayer film and the adsorption of (mono-) molecular lignosulfonate were proposed  . Gundersen et al. also

studied lignosulfonate adsorption layers using the Langmuir technique , based on which the formation of

multilayers was proposed. Lignosulfonate multilayers were also indicated in by deposition and self‑association of

lignosulfonate and cationic polymer on a solid substrate . An alignment and thereby concentration of

charged moieties in the aqueous phase would certainly make sense, as proposed by Yan and Yang , which

could furthermore prevent a second or third layer from adsorbing due to electrostatic repulsion. However,

lignosulfonate has proven an ability to form three dimensional aggregates also, so it would be best to assume that

both mono- and multilayer formation is possible. With regards to the adsorption of (mono‑) molecular

lignosulfonate, a recent study fitted the long‑time approximation of Ward and Todai to dynamic interfacial tension

data . The diffusion coefficients were calculated in this manner, which were several magnitudes larger than that

of non‑aggregated lignosulfonate. In addition, the diffusion coefficients would decrease at increasing lignosulfonate
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concentration, which indicated that lignosulfonate underwent adsorption in the aggregated state. Regressions

made with the Lucassen van den Tempel (LvdT) model furthermore showed a qualitatively poor fit. The

shortcomings of both models suggested that some of the underlaying assumptions were insufficient, which led to

the conclusion that lignosulfonate adsorption is not diffusion‑limited .

The kinetics of lignosulfonate adsorption on solid surfaces have been investigated by several authors 

. Bai et al. studied adsorption and desorption of calcium lignosulfonate on limestone or dolomite porous

media, utilizing core samples through which the surfactant solution was pumped . A two‑step pattern was

identified, which consisted of initial fast adsorption or desorption, followed by a (second) slower step. A

second‑order kinetic model provided the best fit and it was concluded that desorption occurred slower than

adsorption. Zulfikar et al. studied the adsorption of sodium lignosulfonate on eggshells or chitosan‑silica beads 

. Pseudo second‑order kinetics fitted the data better than a first‑order kinetic model as well, and intra‑particle

diffusion was reported as the rate determining step. Li et al. conducted adsorption experiments with sulfonated

lignin acting as the solid (adsorbent) phase  A hydrogel based on sulfomethylated Kraft lignin was synthesized,

onto which cationic dye (methylene blue trihydrate) was adsorbed. Interestingly, the adsorption kinetics were also

of pseudo second‑order and exhibited Langmuir isotherm behavior at equilibration.

Dispersion stabilization is a frequent technical exploitation of lignosulfonate adsorption. This entails keeping a solid

or liquid phase dispersed in another liquid phase, as for example in the case of concrete plasticizers (suspensions)

or agrochemical formulations (emulsions) . Several stabilization mechanisms have been proposed, which

include electrostatic repulsion, stearic hindrance, particle stabilization (Pickering emulsion), and the formation of

viscoelastic layers .

Electrostatic repulsion of droplets or particles is facilitated by the lignosulfonate adding negative charges at the

surface or interface. This process can be monitored by measuring the electrophoretic mobility (zeta potential) of the

dispersion, as has been done for suspensions of e.g. lead zirconate titanate , titanium oxide  or alumina .

Higher pH tends to induce larger changes of zeta potential, due to the higher degree of ionization of the functional

groups of lignosulfonate . It was suggested that a lower molecular mass can facilitate more efficient reduction

of the zeta potential, due to screening effects of the sulfonate groups within larger lignosulfonate molecules .

Changes in molecular weight may, however, also be encompassed by differences in chemical make‑up and

functional groups , which can make it difficult to delineate the effect of lignosulfonate molecular weight on zeta

potential.

Experimental evidence for the formation of a viscoelastic lignosulfonate film on solids has been reported by Qin et

al. using quartz crystal microbalance (QCM) . Dilatational interfacial rheology and interfacial shear rheology

have been used to study the viscoelastic property of lignosulfonate films at the water‑oil interface . Factors such

as lignosulfonate concentration, ionic strength, and type of added electrolyte were found to affect the properties of

the surface or interfacial films. The film strength was studied in terms of the interfacial storage modulus and

exhibited a maximum at intermediate salinity or intermediate lignosulfonate concentration. This reduction of the

interfacial modulus at high salinity or high lignosulfonate concentration was attributed to either conformational
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changes and stearic shielding of non‑ionic groups, or bulk precipitation as induced by the addition of di‑ or trivalent

cations . The presence of multivalent cations increased the film strength in particular, and interfacial gelling

could be induced by these.
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