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I 

Preface 

This doctoral thesis is submitted to the Norwegian University of Science and Technology 

(NTNU) for the degree of Philosophiae Doctor (PhD). The research was carried out at the 

Department of Structural Engineering at NTNU in Trondheim, Norway.  

The PhD project was part of a larger project called “Lignosulfonate for future concrete” (NFR 

225358/O30), funded by the Norwegian Research Council and Borregaard AS, Norway. The 

PhD project started in August 2013 and the thesis was submitted in September 2016.  

The main supervisor of the PhD project was Associate Professor Dr Klaartje De Weerdt 

(NTNU, Norway). The co-supervisors were Professor Dr Mette Geiker (NTNU, Norway), and 

Professor II Dr Harald Justnes (SINTEF Building and Infrastructure/NTNU, Norway).  

The thesis consists of an introduction and three appended papers. 

Trondheim, 25.01.2017 

Alessia Colombo 
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Abstract 

Modern concrete applications intensify the need for highly-flowable concretes, which are at 

the same time durable and possess good mechanical properties. The addition of plasticizers to 

the concrete mix allows obtaining highly workable concretes maintaining low water-to-binder 

ratios, which is beneficial for compressive strength and durability. 

However, the addition of plasticizer can cause retardation in the setting time of concrete, 

which limits the dosage of plasticizer usable in practice. In addition, incompatibility issues 

can exist between plasticizer and cement, possibly leading to higher LSs dosage needed to 

reach a given workability, severe setting retardation, rapid set, and sudden slump loss.  

In this PhD thesis, a sugar-reduced softwood calcium lignosulfonate (LSs) was used as 

plasticizer. The LSs was used in pastes of two Portland cements with different chemical 

composition and specific surface area: a CEM I 52.5 N (ANL) and a CEM I 52.5 R (CX), as 

defined by the European Standard EN197-1:2011. 

The first objective of this PhD thesis is to understand the mechanisms behind the interaction 

between lignosulfonate and cement. This is important to foresee the effects of the plasticizer 

on workability and setting time of cement, avoiding any possible incompatibility issue.  

In light of the mechanisms of consumption of LSs by the cement paste, the impact of the LSs 

on the rheology and setting time of the cement paste was studied. This represented the second 

objective of this PhD thesis. 

The investigations in this first phase of the PhD project brought in light that the amount and 

morphology of the ettringite formed in the cement paste played a major role in the rheological 

and setting behaviour of the cement pastes investigated. For this reason, the third objective of 

this PhD thesis was to investigate more deeply the impact of the LSs on ettringite. 

The investigations undertaken in this PhD thesis highlighted that, when added immediately 

with the mixing water (immediate addition, IA), the LSs led to an increased formation of 

ettringite after 30 minutes of hydration, especially for the high-C3A cement (CX). No increase 

in the ettringite formed was detected when the LSs was added after 10 minutes of hydration 

(delayed addition, DA). The ettringite had cubic or rectangular prism shape and length 

between 0.1 and 0.4 µm. The ettringite morphology appeared unaltered when observed after 6 

hours of hydration. Therefore, the LSs was found not to change the morphology of ettringite 

in the systems analysed in this PhD thesis.  

The large amount of ettringite formed provided additional surface area, which increased the 

LSs consumption for monolayer surface adsorption. This was found to be the main 

mechanism of LSs consumption for CX cement both for IA and for DA. Monolayer surface 

adsorption was also found to be the main mechanism of LSs adsorption for ANL cement for 

DA, while other mechanisms, still to be determined, appeared to play a role for ANL cement 

for IA. For both cements, calcium complexation, multilayer adsorption and intercalation in 

AFm were considered unlikely.  
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The large amount of ettringite formed appeared to decrease the workability of cement paste, 

leading to early stiffening and, in some cases, to rapid set. The workability of cement paste 

with LSs also seemed directly correlated to the degree of LSs coverage of the available 

surface for adsorption. A sudden drop in yield stress and viscosity was measured for the 

cement pastes that reached an adsorption plateau (DA). Samples which did not reach surface 

saturation (IA) showed a more gradual increase in workability, requiring higher LSs dosages 

when compared to those needed for DA. However, for DA, both cement pastes were found to 

be very sensitive to variations in LSs dosage: even a small increase from the optimal LSs 

dosage could lead to sudden slump loss. 

As to the impact of LSs on setting time, the setting retardation was found to be directly 

correlated to the amount of free LSs in the pore solution. The DA of LSs was found to lead to 

higher setting retardation, because of the lower LSs consumption by the cement paste 

compared to when the LSs was added with IA. This led to a higher amount of free LSs 

available to retard C3S hydration. In the samples where the highest amount of ettringite was 

formed, the increased LSs adsorption caused by the additional surface area reduced the 

amount of free LSs in the pores solution. This was reflected in lower setting retardation, 

which was measured with isothermal calorimetry. In addition, increasing LSs dosages led to 

larger retardation of the silicate peak compared to the aluminate one, causing the two peaks to 

merge. This can potentially lead to poisoning of C3S hydration and severe delay of setting, 

causing incompatibility between plasticizer and cement. 

In conclusion, the use of the LSs studied in this PhD thesis in combination with cement 

characterized by high C3A content and fineness appears critical, as possibly leading to 

incompatibility issues such as higher LSs dosage needed to reach a given workability, severe 

setting retardation, rapid set, and sudden slump loss. Therefore, before using LSs in the 

concrete practice, special attention should be paid to the combination between the LSs and the 

cement chosen. 
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1. Introduction

The strict regulations in matter of structural design have led to reinforced concrete elements 

with high density of steel rebars. Moreover, the increase in complexity of modern concrete 

structures requires for example casting concrete in formworks with complicated geometry, or 

pumping concrete at tens of meters height. Such concrete applications, amongst others, 

intensify the need for a highly-flowable concrete, which is able to flow easily between the 

reinforcement bars, reaching every corner of complex casting formworks. Moreover, the need 

for concretes which are durable and possess high mechanical properties require a decrease in 

their liquid content (lower water-binder ratios). An increase in the solid fraction of concrete 

equals in turn to a decrease in workability, which increase the difficulty degree in operations 

like casting, vibrating and surface-finishing.  

In modern concrete technology, this issue has been solved by adding plasticizers to the 

concrete mix. Plasticizers, or water-reducers, are chemical admixtures which allow obtaining 

highly flowable and workable materials, even with low water-solid ratios. They are known to 

reduce both the yield stress and the viscosity of concrete, by changing its flocculation state 

(Hot et al., 2014). In this thesis, the plasticizer used is lignosulfonate, a classic water-reducer 

produced by the pulping industry. The main shortcoming of adding this chemical admixture is 

the retardation it causes to concrete hydration, which limits the maximum dosage usable in 

practice (Collepardi et al., 1973, Young, 1972). Additionally, incompatibility issues 

sometimes exist between plasticizer and cement, which can lead, for example, to high 

consumption of plasticizer by the cement paste, reducing the amount of admixture effective in 

dispersing the cement paste (Agarwal et al., 2000, Nkinamubanzi et al., 2004). A high dosage 

of plasticizer might in turn lead to incompatibility phenomena such as severe setting 

retardation or sudden slump loss. For these reasons, a thorough understanding of the 

mechanisms of interaction between plasticizers and cement paste is needed to optimize the 

use of plasticizers in concrete technology, avoiding any incompatibility issue. In light of the 

results contained in the present thesis, it appears that the use of cements with high C3A 

content and the addition of the plasticizer after some minutes of hydration require special 

attention in order to avoid incompatibility phenomena such as severe delay of setting and 

sudden slump loss.  
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2. Objectives and limitations 

2.1 Objectives  

The PhD project aimed to obtain a deeper understanding of the mechanisms of consumption 

of lignosulfonate (LSs) by Portland cement paste, and the factors behind the cement-

lignosulfonate interactions. This is important to foresee the effects of lignosulfonate on 

workability and setting time of cement paste, avoiding any possible incompatibility issue.  

The following main objectives were defined: 

1. To identify the consumption mechanisms of lignosulfonate by Portland cement paste; 

2. To link the lignosulfonate consumption to its effect on the rheological properties and 

setting time of Portland cement paste; 

3. To understand the effect of lignosulfonate on the amount of ettringite formed and on 

its morphology; 

2.2 Limitations 

In this PhD thesis, materials which are commonly available on the Norwegian market were 

used. The study was limited to one type of lignosulfonate and two Portland cements. Cement 

pastes were investigated; i.e. the study did not include any testing on concrete or mortar. Only 

one water-to-binder ratio was investigated for the cement pastes. The cement pastes were 

analysed mainly at the fresh state after 30 minutes of hydration. Two procedures of 

lignosulfonate addition to the cement paste were used: immediate addition of the 

lignosulfonate with the mixing water (IA), or addition of the lignosulfonate after 10 minutes 

of hydration (DA). The study did not include any in-depth analysis of the polymer properties 

influencing or determining its interactions with cementitious materials.  
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3. Background

3.1 Portland cement 

Concrete is one of the most commonly used building materials. Concrete is a mixture of 

water, cement, and fine and coarse aggregates. Additionally, supplementary cementitious 

materials (SCMs) can replace part of the cement. Through the hydration reaction, the paste 

hardens gaining strength, forming the rock-like mass known as concrete. 

Portland cement is one of the most used hydraulic binders worldwide. The cement production 

starts with burning a raw meal composed by mainly limestone, in addition to for example 

clays, sands and pyrite ashes, in a rotary kiln at the temperature of 1300-1450 °C, e.g. 

(Coppola, 2007). The material obtained after burning is called clinker. After burning, the 

clinker is cooled rapidly, and subsequently ground to a fine powder together with a small 

fraction of gypsum to regulate setting. SCMs, such as fly ash, ground granulated blast furnace 

slag or limestone, can be added either before or after grinding to the gypsum-clinker blend, 

e.g. (Bensted and Barnes, 2002). According to the European Standard EN 197-1:2011,

cements can be divided in five main categories (CEM I, II, III, IV, V) based on the type and

amount of SCM replacing part of the Portland cement.

In this thesis, a CEM I 52.5 N (“ANL”), and a CEM I 52.5 R (“CX”) are used. As defined in 

the European Standard EN 197-1:2011, CEM I cements contain at least 95% of Portland 

clinker. 

3.2 Plasticizing admixtures 

In order to achieve both low water-binder ratio and high workability, plasticizers or 

superplasticizers (or water-reducers) are commonly added to the concrete mix. The only 

difference between the two is the reduction in water-cement ratio they can achieve. The 

maximum water reduction achievable by plasticizers like lignosulfonate is about 10 %, while 

it is about 30 % for superplasticizers like PNS and PMS, and about 40 % for superplasticizers 

like PCEs (Nkinamubanzi et al., 2016). 

Three main families of water-reducers are currently used: 

- Natural polymers (mainly lignosulfonate);

- Linear synthetic polymers (mainly polycondensates like polynaphtalene sulfonates and

polymelamine sulfonates);

- Comb-shaped copolymers or polycarboxylic ethers.

Lignosulfonate (LS) is a plasticizer which was introduced in concrete technology in the 1930s 

and still widely used nowadays. LS is obtained as a by-product from wood pulping industry. 

Its molecules are characterized by a mainly hydrophobic hydrocarbon core with numerous 

functional groups on its surface (e.g. carboxylic acids, phenolic hydroxyl, sulphonic acid), as 

displayed in Figure 1 (Rezanowich and Goring, 1960).  
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Figure 1 – Left) chemical structure of a lignosulfonate molecule, after (Gelardi et al., 2016), 

and right) lignosulfonate macromolecule, after (Rezanowich and Goring, 1960) 

Lignosulfonates are broadly polydispersed natural polymers, with average molecular weight 

(Mw) between 5000 and 30000 g/mol. LS can be derived from different sources of biomass, 

giving molecules with different Mw, and type and amount of functional groups. LS produced 

from hardwood lignin has remarkably lower Mw than softwood LS. Different cations can be 

used in LS production, mainly calcium and sodium. LS naturally contains sugars, which can 

strongly retard the setting time of concrete. The sugars can be almost completely removed, 

however also sugar-reduced LS can cause retardation (Reknes and Gustafsson, 2000). LS can 

disperse cement particles by both electrostatic repulsion and steric hindrance, as reported by 

Vikan, amongst others (Vikan, 2005). The bulk of the LS molecule is constituted of cross-

linked, poly-aromatic chains, which are randomly coiled. The negatively charged sulfonic 

groups are mainly positioned on the surface of the molecule, and a double layer of counter-

ions is present in the solvent (Rezanowich and Goring, 1960).  

Polycondensates can be divided in polynaphtalene sulfonates (PNS), also known as sulfonated 

naphthalene formaldehyde condensates, and polymelamine sulfonates (PMS), also known as 

sulfonated melamine formaldehyde condensates. They are superplasticizers first used as 

concrete admixture in the 1960s. They have broad Mw distributions and their molecule can 

have several structures (linear, branched, cross-linked). They disperse cement particles mainly 

by electrostatic repulsion. 

Comb-shaped copolymers, or polycarboxylic ethers (PCEs), were introduced in the 1980s. 

Their structure consists of a main chain bearing carboxyl groups, or backbone, to which non-

ionic polyethers side chains are attached (Gelardi et al., 2016). The negatively-charged 

backbone adsorbs on the surface of positively-charged cement particles, while the non-

adsorbing side chains will disperse through steric hindrance (Flatt et al., 2009). This type of 

admixture became quickly very popular because of the possibility to synthesize polymers with 

the most suitable molecular structure based on the aimed performance and application. 

In this thesis, a sugar-reduced softwood calcium lignosulfonate was used. 

3.3 Plasticizer-cement interactions 

When plasticizers are added to cement paste, several types of interactions can take place: 
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- Adsorption of the plasticizer on the surface of cement grains and hydrates in one or

multiple layers (Flatt and Houst, 2001, Hot, 2013, Jolicoeur and Simard, 1998);

- Intercalation of the plasticizer into the structure of layer-like hydrates (mainly AFm)

(Flatt and Houst, 2001, Hot, 2013, Jolicoeur and Simard, 1998);

- Complexation between functional groups of the plasticizer and calcium ions dissolved

in the pore solution (Collins et al., 1977, Plank and Sachsenhauser, 2009, Sowoidnich

et al., 2015);

- Excess plasticizer dissolved in the pore solution (Flatt and Houst, 2001, Hot, 2013,

Jolicoeur and Simard, 1998).

The different types of interaction will be discussed separately in the following paragraphs. 

3.3.1 The adsorption of plasticizers in cement paste 

The dispersive action of plasticizers is mainly caused by the adsorption of superplasticizer 

molecules on the anhydrous cement grains as well as on the cement hydrates. The 

mechanisms of adsorption of plasticizers on cement particles are based on the particles 

interactions caused by their surface charge. Any fractured mineral particle is characterized 

both by areas with positive and negative charge. Positive Ca
2+

 ions dissolved in the pore

solution will be attracted by the negatively charged areas, turning them into positively-

charged (Chatterji and Kawamura, 1992). The head groups of plasticizing polymers’ surface 

are commonly negatively charged. They will then be electrostatically attracted by the 

positively-charged sheath around the cement particles and will adsorb. Therefore, the surfaces 

of the cement particles will achieve the same negative electrical charge, electrostatically 

repulsing each other, increasing their dispersion (Uchikawa et al., 1992). Additionally, when 

two surfaces approach enough for their adsorbed layers to overlap, a steric force develops. 

This will contribute in hindering particles to get close enough to form agglomerates. The key 

parameters that govern the steric repulsion are the adsorption layer thickness and its 

conformation at the solid liquid interface (Houst et al., 2008).  

Polymers do not seem to be adsorbed equally on the four main cement phases. According to 

Yoshioka et al. (Yoshioka et al., 2002), much higher adsorption occurs on aluminate and 

ferrite than on the silicate phases. The plasticizer might also be adsorbed on the surface of 

cement hydrates, between which ettringite was found to be one with highest adsorption by 

Zingg et al. (Zingg et al., 2008). It must be noted that, in both the cited references, the results 

were reported by unit of mass and not by unit of specific surface. 

Polymer adsorption by a solid is usually described through isotherms, in which the amount of 

polymer adsorbed is plotted against the total amount of polymer added to the system 

(Hiemenz and Rajagopalan, 1997). The shape of an isotherm is largely determined by the 

adsorption mechanisms. When monolayer adsorption is reached, the adsorption isotherm 

generally displays a plateau. In this thesis, the adsorption isotherms were obtained by fitting 

the experimental data to the non-linear Langmuir model, typically used for describing 

monolayer adsorption (Hiemenz and Rajagopalan, 1997). 
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3.3.2 Intercalation 

Adsorption onto the surface of cement particles and hydrates is not the only potential 

consumption mechanism taking place when a plasticizer is added to a cementitious system. 

According to, among others, Flatt and Houst (Flatt and Houst, 2001), Planck and 

Sachsenhauser (Plank and Sachsenhauser, 2009), Girardeau et al. (Giraudeau et al., 2009), 

Jolicoeur and Simard (Jolicoeur and Simard, 1998), part of the water-reducing admixture 

might also be intercalated in the hydration products, mainly in the layered structure of AFm. 

When tricalcium aluminate (C3A) enters in contact with water, it reacts immediately forming, 

in absence of gypsum, the metastable layered phases C4AH19 and C2AH8. In presence of 

gypsum, C3A will react with water forming 3236 HSAC  (ettringite) and 
4 12C ASH

(monosulphate). C4AH19, C2AH8 and 
4 12C ASH belong to the group of layered double 

hydroxides (LDHs). Several anions and polyelectrolytes can intercalate in between the 

cationic layers of LDH compounds by replacing their hydroxyl ions. According to Plank et al. 

(Plank et al., 2006), intercalation was found to be possible for polymers with different 

structure, namely, linear, comb-like and polymer brushes with very long side chains. The 

polymer intercalated in LDHs will no longer be available for dispersing cement particles; 

therefore a higher dosage of polymer will be necessary to reach the desired workability. 

3.3.3 Multilayer adsorption and calcium complexation 

Polymer adsorption can also take place in multiple layers on cement particles and hydrates. 

After ideal monolayer coverage, the cement particles will have a negative surface charge. 

Ca
2+

 ions will then be electrostatically attracted to the negatively charged groups of the

polymer, compensating for the charge. This Ca
2+

 outer layer will allow the adsorption of an

additional layer of negatively-charged polymer (Zhang and Kong, 2015, Mollah et al., 2000), 

facilitating additional consumption of polymers.  

Another possible mechanism of polymer consumption is complexation between functional 

groups of the plasticizer and calcium ions dissolved in the pore solution, as observed by 

Collins et al. (Collins et al., 1977), Planck and Sachsenhauser (Plank and Sachsenhauser, 

2009), Sowoidnich et al. (Sowoidnich et al., 2015) amongst others. Collins et al. (Collins et 

al., 1977) found that calcium ions dissolved in a calcium lignosulfonate solution with pH over 

10-11 can hold together a matrix of lignosulfonate molecules, forming a gel. Other

polycharged cations, e.g. aluminium and iron, could also tightly bind to the functional groups

of the LS molecule, especially to the sulfonic and carboxyl groups. The polymer molecules

captured in the complexes with calcium ions might still have some free anionic functional

groups on their outer regions. These anionic functional groups might as well be attracted to

the positive charged calcium ions adsorbed on the polymer layer over cement particles and

hydrates. The calcium-polymer complexes might then bind to the cement particles already

covered with polymer, decreasing the amount of free LSs in the pore solution and forming

multiple layers of polymer adsorbed. For this reason the mechanisms of calcium complexation

and multilayer adsorption can be considered interrelated and, sometimes, undistinguishable

from each other. This additional layer of polymer is considered to be limitedly beneficial to

the dispersion of cement particles. However, such layer could have an effect on the hydration

kinetics of fresh cement paste, slowing down the diffusion of the anhydrous phases covered
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by the polymer (Marchon et al., 2016). The complexes of calcium and polymer might also 

stay dissolved in the pore solution, thus reducing the concentration in solution of calcium 

ions. A lower Ca-to-Si ratio of the pore solution could possibly modify the hydration reactions 

and the resulting hydrates, as stated by Yousuf et al. (Yousuf et al., 1995). Additionally, a 

mechanisms that takes out calcium ions from the pore solution slows down the build-up of 

calcium supersaturation, which is needed for the nucleation of cement hydrates, hence it slows 

down cement hydration (Marchon et al., 2016). 

3.4 Rheology of cement paste 

Rheology is defined as the science of deformation and flow of matter. The fundamental 

parameters studied by this science are the yield stress, τ0, and the viscosity, µ, of a material 

when a shear rate γ̇ is applied, causing a certain shear stress τ in the material, where  γ̇ =
dγ

dt
  ,

γ: deformation. 

If the fluid has a Newtonian behavior, viscosity can be expressed as:     μ =
τ

γ̇
= const.  

The viscosity of Newtonian fluids is independent of the shear rate applied and there is a direct 

proportion between the shear stress and the shear rate applied. 

Many materials display a flow behavior that differs from the simple Newtonian model: the 

shear stress might increase or decrease with the increase of the shear rate applied. These fluids 

are called non-Newtonian with shear-thickening or shear-thinning behavior, respectively. 

Finally some materials behave like a solid if the shear stress applied is below a certain value 

and like a liquid if, on the contrary, the shear stress applied exceeds this value. They are 

defined as non-Newtonian materials with a yield value, and the threshold value is called yield 

stress (τ0). When the shear stress applied exceeds the yield stress, they can exhibit shear-

thinning or shear-thickening behavior. Cement paste belongs to this type of fluids.  

The behavior of this type of materials can be, as a simplification, described by the Bingham 

model:  𝜏 = 𝜏0 + 𝜇 ∙ �̇� 

If τ≥ τ0, the material will flow.  

The different yield stress-shear rate correlations are displayed in Figure 2. 
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Figure 2 – Correlations between shear stress and shear rate for different types of fluids 

Cement paste generally displays a shear-thinning behavior. However, a shear-thickening 

behavior can be exhibited under some conditions, i.e. the addition of a plasticizer, depending 

on the dosage (Jayasree et al., 2011).   

As described by e.g. Roussel et al. (Roussel et al., 2010), in a cementitious system the yield 

stress corresponds to the energy needed to break down a network of interaction between 

particles. Its origin lays in colloidal and contact interactions between particles. Viscosity 

results from hydrodynamic, colloidal and contact forces involved in the motion of the 

suspended cement grains. The yield stress is often considered as the most relevant parameter 

to describe workability and the ability of a material to properly fill a mold under its own 

weight (Roussel, 2007). However, the viscosity is also a very relevant parameter to describe 

cement or concrete workability, especially for systems with low water-binder ratio (Hot et al., 

2014, Roussel, 2007). Plasticizing admixtures can change both yield stress and viscosity by 

adsorbing on cement particles and changing the flocculation state of cement paste (Hot et al., 

2014). 

3.5 Effect of plasticizers on setting time 

In addition to dispersion, the interaction between cement and plasticizer can potentially lead 

to retardation of the setting time of the cement paste. Several mechanisms of retardation are 

hypothesized in the literature, the main ones being: calcium complexation, nucleation 

poisoning of hydrates, surface adsorption on unhydrated cement grains, and presence of 

sugars in the plasticizer (Hot et al., 2014, Bishop et al., 2003, Cheung et al., 2011, Marchon 

and Flatt, 2016).  

Calcium complexation involves the interaction between plasticizing polymers and calcium 

ions in the pore solution. This would slow down the build-up of calcium supersaturation 

needed for the nucleation of hydration products. However, according to Bishop et al. (Bishop 

et al., 2003), and Marchon and Flatt (Marchon and Flatt, 2016), amongst others, the low 

dosages of plasticizers generally used limit the amount of calcium potentially complexed. 

𝜏 (𝑃𝑎) 

𝜏0 (𝑃𝑎) 

�̇� (𝑃𝑎 ∙ 𝑠) 



9 

Thus, calcium complexation does not appear likely as a main mechanism of setting 

retardation of cement.  

As stated by Thomas and Birchall (Thomas and Birchall, 1983) and Marchon and Flatt 

(Marchon and Flatt, 2016) amongst others, retardation by nucleation poisoning of hydrates is 

where the plasticizer adsorbs on the nuclei of CH, preventing its growth. By suppressing CH 

precipitation, C3S dissolution is delayed, as the degree of calcium saturation of the pore 

solution is unaltered. Hence, C-S-H precipitation is hindered, which leads to prolongation of 

the induction period of the cement paste (Marchon and Flatt, 2016). Moreover, plasticizers 

could increase cement solubility, thus allowing ions to coexist in solution at much higher 

concentrations without causing precipitation, thus prolonging the cement induction period 

(Thomas and Birchall, 1983).  

Retardation due to surface adsorption on unhydrated cement grains is due to the adsorption of 

the plasticizer on the anhydrous cement phases, which reduces their dissolution. This, in turn, 

retards the formation of hydrates, prolonging the induction period of the cement paste 

(Marchon and Flatt, 2016). 

Finally, the sugars contained in the plasticizer generally delay the onset of the acceleration 

period, by adsorbing on anhydrous phases like C3S, but also on cement hydrates, especially 

CH. However, the rate in this period was found to be higher than in the reference (Young, 

1972).  

In conclusion, the mechanisms that most likely retard the cement setting appears to be related 

to the plasticizers poisoning the nuclei of CH, retarding C3S dissolution and C-S-H 

precipitation, the reduced dissolution of cement anhydrous phases, and the possible presence 

of sugars in the plasticizer.  

 As other plasticizers, lignosulfonate is known to have a retarding effect on cement hydration 

(Collepardi, 1982, Ramachandran and Feldman, 1971, Lorprayoon and Rossington, 1981). 

The sugars naturally contained in lignin contribute to longer setting times of cement, in 

particular the hexoses, which, however, can be removed by fermentation in low-sugar 

lignosulfonates. However, also sugar-reduced LS can cause retardation of cement paste 

hydration (Reknes and Gustafsson, 2000). Several studies concluded that the addition of 

calcium lignosulfonate changes the hydration of C3S and C3A (Ramachandran, 1972, Monosi 

et al., 1982, Collepardi et al., 1973, Ramachandran, 1994, Lorprayoon and Rossington, 1981, 

Young, 1962). According to Ramachandran (Ramachandran, 1994), a strongly surface-bound 

calcium lignosulfonate complex could be detected for both C3A and C3S, which could cause 

retardation of C3A and C3S hydration. In another paper (Ramachandran, 1972), 

Ramachandran stated that the retardation effect of calcium lignosulfonate depends on  its 

concentration in solution and not on its proportion with respect to C3S. The C3S hydration was 

delayed in proportion to the concentration, and it practically stopped for concentrations above 

3 g/l of water. On the contrary, C3S hydration was found to speed up for lignosulfonate 

concentrations under 1 g/l of water. Monosi et al. (Monosi et al., 1982) found that, in a C3A-

C3S system, the addition of calcium lignosulfonate led to a strong retardation in C3S 

hydration, while C3A hydration was slightly accelerated. The C3S retardation in the C3A-C3S 
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system was lower than that in pure C3S systems. In fact, the lignosulfonate adsorption by C3A 

decreases the concentration of polymer available to retard the C3S hydration. Moreover, the 

arrest in C3S hydration is partially counterbalanced by the increase in rate of hydration of 

C3A, as stated by Collepardi et al. (Collepardi et al., 1973). In conclusion, lignosulfonate was 

found to retard or accelerate C3S hydration (Ramachandran, 1994, Lorprayoon and 

Rossington, 1981) depending on its concentration in the pore solution (Ramachandran, 1972). 

C3A hydration was found to be retarded by lignosulfonate by some authors (Ramachandran, 

1994, Young, 1962, Lorprayoon and Rossington, 1981), while not retarded (Monosi et al., 

1983) or slightly accelerated (Monosi et al., 1982, Collepardi et al., 1973) by other authors. 

3.6 Effect of the addition time of the plasticizer 

As described by e.g. Flatt and Houst (Flatt and Houst, 2001), the addition time of the 

plasticizer to the cement paste greatly affects the amount of plasticizer consumed by the 

cement paste and the extent of retardation. Several studies, amongst others Uchikawa et al. 

(Uchikawa et al., 1992), Chiocchio and Paolini (Chiocchio and Paolini, 1985), Aiad et al. 

(Aiad et al., 2002), Vikan (Vikan, 2005), found that, at equal plasticizer dosage, the flow of 

cement paste prepared by delayed addition is higher than that of cement paste prepared by 

immediate addition. Moreover, the setting is further retarded in case of DA. Chiocchio and 

Paolini (Chiocchio and Paolini, 1985) found that the optimum addition time of plasticizer to 

achieve the maximum workability corresponds to the beginning of the dormant period of the 

cement hydration without admixture. Hot (Hot, 2013), Hsu et al. (Hsu et al., 1999), and Aiad 

(Aiad, 2003) found that the optimum addition time was between 10 and 15 minutes after 

water addition. 
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4. Summary of conducted experiments, materials, and methods

Three main objectives of investigation were defined for the PhD project (see paragraph 2.1). 

Three papers were written based on the findings from the investigations undertaken. An 

overview is given in Table 1. 

Table 1 – Overview of experimental work conducted during the PhD project and related 

papers and appendices 

The experiments were performed on two different cements: a CEM I 52.5 N (ANL) and a 

CEM I 52.5 R (CX), as defined by the European Standard EN197-1. The composition and 

physical properties of the two cements are listed in every paper appended to this thesis. 

During the project, the materials were stored in sealed plastic bags of about 3 kg each. For 

shorter periods they were stored in plastic zipper bags of about 1 kg each, stored in 

desiccators over silica gel and soda lime. The unhydrated cements were analysed with XRD 

and TGA in the beginning of the project and about 2 years after. The results showed no sign 

of pre-hydration.  

A sugar-reduced softwood calcium lignosulfonate (LSs) was used as plasticizer. Its mass 

weighted molecular weight (Mw), as measured with gel permeation chromatography (GPC), 

was 29000 g/mol and the number weighted molecular weight (Mn) was 2100 g/mol, giving 

broad molar-mass dispersity (ĐM) equal to 13.8. The molar-mass dispersity, also called 

polydispersity index, is defined as the ratio between Mw and Mn (Gilbert et al., 2009). 

Additional physical and chemical properties of the lignosulfonate are listed in every paper 

appended to this thesis. For the lignosulfonate used in the present investigation, the sugars 

were removed by fermentation and the resulting alcohol by distillation. The LSs was 

dissolved in deionised water to concentrations varying from 1 to 45 % to ease dosing, and the 

water content was included in the calculation of the water-to-binder ratio (w/b).  

In paper I, CaCO3 and Ca(OH)2 were used as reference materials to be compared with cement 

paste, since they share some properties with cement, as specified more in detail in paragraph 

2.2.2 and 2.2.3 in Paper I, but do not hydrate with water. The characteristics of the two 

materials can be found in Paper I. The high fineness of the Ca(OH)2 powder required a water-

Paper Topic Experimental technique Objective 

I 
Consumption mechanisms of 

LSs by two cement pastes 

UV-spectroscopy, TOC, TGA, 

BET surface area measurement 
1, 2 

II 

Effect of LSs on rheology, 

setting time, and hydrates 

amount of two Portland cements 

Rheological measurements, 

isothermal calorimetry, UV-

spectroscopy, BET surface area 

measurement, ICP-MS 

1, 2, 3 

III 

Effect of LSs on ettringite in 

cement paste 

UV-spectroscopy, TGA, XRD, 

BET surface area measurement, 

SEM-EDS, ICP-MS 

1, 3 
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solid ratio by mass of 8.0. For CaCO3, the water-to-solid ratio by mass was 0.3. Both the 

materials were mixed with artificial pore water. The artificial pore water was a solution of 5.9 

g/l NaOH and 2.1 g/l KOH with K/Na molar ratio equal to 2 and pH of about 13. 

In paper III, in order to study the effect of LSs on the solubility of calcium sulfates, anhydrite 

(CaSO4), hemihydrate (CaSO4·0.5H2O) and dihydrate (CaSO4·2H2O) were used. The 

anhydrite and the dihydrate were analytical grade, while the hemihydrate was technical grade. 

The characteristics of the two materials can be found in Paper III. They were mixed with 

artificial pore water obtaining a water-to-solid ratio by mass of 1.0. 

The amount of polymer consumed by two cement pastes was determined on filtrated pore 

solution by UV-spectrometry (see method description in Paper I), which allowed the 

calculation of adsorption isotherms. The samples were analysed both by adding the 

lignosulfonate immediately with the mixing water (immediate addition, IA), and by adding it 

after 10 minutes of hydration (delayed addition, DA). Some of the samples were also 

measured with total organic carbon (TOC) in order to confirm the results obtained with UV-

spectroscopy (see method description in Paper I).  

Changes in the surface area of the hydrated cement particles were measured by BET both on 

hydrated and unhydrated samples (see method description in Paper I). The results allowed 

normalizing the adsorption isotherms of the cement pastes to the actual surface area of the 

hydrated cement particles after 30 minutes of hydration.  

The changes in type and amount of cement hydrates caused by the addition of lignosulfonate 

were investigated with thermogravimetric analysis (TGA) and X-ray powder diffraction 

(XRD) (see methods description in Paper I and III, respectively). The morphology of the 

hydrates was observed with scanning electron microscopy in secondary-electron mode (SEM-

SE), while their composition was analysed with energy-dispersive X-ray spectroscopy (EDS) 

(see method description in Paper III). 

The elemental composition of the pore solution extracted from the two cement paste samples 

was determined by inductively coupled plasma mass spectroscopy (ICP-MS) (see method 

description in Paper III). 

Once the LSs consumption mechanisms by cement paste were investigated, the amount of 

polymer consumed by the two cement pastes was correlated to the changes in rheological 

properties of the two cement pastes. The rheological properties of the cement pastes were 

measured with a parallel plates rheometer (see method description in Paper II). The effect of 

LSs addition on the setting time of the two cement pastes was measured with isothermal 

calorimetry (see method description in Paper II). 

An overview of the experiments undertaken is reported in Table 2: 
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Table 2 – Overview of the experiments conducted in the PhD project 

Analysis Material 
Addition 

method 
LSs dosage Analysis time 

      mass % of binder minutes days 

UV 

spectroscopy ANL cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.2; 1.5 

30 

  

DA 

0.05; 0.1; 0.25; 0.4; 0.8; 1.2; 

1.5 

CX cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.0 

DA 

0.05; 0.1; 0.25; 0.4; 0.8; 1.2; 

1.5 

CaCO3 IA 

0.05; 0.1; 0.2; 0.4; 0.8; 1.0; 

1.2; 1.5 

Ca(OH)2 IA 1.0; 2.0; 5.0; 8.0; 12.0; 22.0 

Gypsum IA 0.2; 0.4; 0.8; 1.5; 2.0; 3.0 

Hemihydrate IA 0.2; 0.4; 0.8; 1.5; 2.0; 3.0 

Anhydrite IA 0.2; 0.4; 0.8; 1.5; 2.0; 3.0 

TOC ANL cement IA 0.2; 0.4; 1.0; 1.5 30   

BET ANL cement   0 Unhydrated 

  

CX cement   0 Unhydrated 

CaCO3   0 Unhydrated 

Ca(OH)2   0 Unhydrated 

Gypsum   0 Unhydrated 

Hemihydrate   0 Unhydrated 

Anhydrite   0 Unhydrated 

ANL cement 

  0 

30 

IA 0.2; 0.4; 0.8; 1.5 

DA 0.05; 0.2; 0.4; 0.8; 1.5 

CX cement 

  0 

IA 0.8; 1.5 

DA 0.8; 1.5 

TGA 

ANL cement 

  0 

30 

  

IA 0.8; 1.5; 2.0; 3.0 

DA 0.8; 1.5 

  0 

  

28 IA 0.8; 1.5 

DA 0.8; 1.5 

CX cement 

  0 

30   IA 0.8; 1.5; 2.0; 3.0 

DA 0.8; 1.5 

  0 

  

28 IA 0.8; 1.5 

DA 0.8; 1.5 

XRD 
ANL cement 

  0 
30 

  IA 0.8; 1.5 
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Analysis Material 
Addition 

method 
LSs dosage Analysis time 

      mass % of binder minutes days 

CX cement 
  0 

IA 0.8; 1.5 

Rheological 

measurement ANL cement 

  0 10; 20; 30   

IA 0.1; 0.4; 0.8; 1.2; 1.5     

DA 0.1; 0.25; 0.4 12; 20; 30   

CX cement 

  0 10; 20; 30   

IA 0.4; 0.8; 1.5     

DA 0.25; 0.4 12; 20; 30   

Isothermal 

calorimetry ANL cement 

  0 

    

IA 0.1; 0.2; 0.4; 0.6; 0.8 

DA 0.05; 0.1; 0.2; 0.4 

Isothermal 

calorimetry CX cement 

  0 

IA 0.1; 0.2; 0.4; 0.6; 0.8 

DA 0.05; 0.1; 0.2; 0.4 

ICP-MS 

ANL cement 

  0 

30 

  

IA 0.8; 1.5 

DA 0.8; 1.5 

CX cement 

  0 

IA 0.8; 1.5 

DA 0.8; 1.5 

Gypsum IA 0.8; 1.5 

Hemihydrate IA 0.8; 1.5 

Anhydrite IA 0.8; 1.5 

SEM-EDS 

ANL cement 

  0 

30 

  

IA 1.5 

DA 1.5 

  0 360 

CX cement 

  0 

30 IA 1.5 

DA 1.5 

  0 360 
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5. Findings

In this chapter, the main findings of the PhD study will be summarized. They are presented 

according to the four main objectives of the PhD project.   

Paper I: On the mechanisms of consumption of calcium lignosulfonate by cement paste 

The first objective of the PhD project was to investigate the mechanisms of consumption of 

lignosulfonate by the Portland cement paste. The experimental work and the findings related 

to Objective 1 were mainly reported in Paper I, even though some findings included in the 

following appended papers also contributed to a more complete understanding of Objective 1.  

First a literature review was done, which highlighted that the main mechanisms behind the 

consumption of plasticizers by cement paste could potentially be: polymer intercalation into 

early cement hydrates, surface multilayer adsorption / complexation between functional 

groups of the plasticizer and calcium ions dissolved in cement pore solution, and monolayer 

surface adsorption of LSs on cement particles and hydrates.  

Consequently, the experimental work followed. A softwood sugar-reduced calcium 

lignosulfonate (LSs) and two Portland cements (a CEM I 52.5 N, ANL, and a CEM 1 52.5 R, 

CX) were used. CaCO3 and Ca(OH)2 mixed in artificial pore solution were also used as

comparison to the cements. All the samples were analyzed after 30 minutes of hydration,

when the LSs adsorption by the cement paste was measured to be approximately constant in

time. Adsorption isotherms were calculated for each cement paste based on the measurements

from UV-spectroscopy (Figure 2 a, b). The effect of two LSs addition methods (immediate

addition of the LSs with the mixing water, IA, vs. delayed addition of the LSs after 10

minutes of hydration, DA) was also compared.

For both cement pastes the following was observed: 

- The adsorption isotherms obtained for IA showed a continuous increase in LSs

consumption with increasing LSs added to the cement paste;

- The adsorption isotherms obtained for DA reached an adsorption plateau;

- A noticeable difference in LSs consumption was displayed between IA and DA.

The difference in plasticizer consumption between IA and DA is commonly attributed to the 

mechanism of intercalation of plasticizer molecules into the structure of AFm, e.g. (Flatt and 

Houst, 2001). In the present thesis, no AFm was found in pastes of the same cements without 

LSs or with 1.5 mass % LSs added with IA or with DA, since no peak corresponding to AFm 

could be detected with TGA after 30 minutes of hydration (Figure 4 a, b). Therefore, for the 

materials investigated in this paper, intercalation in AFm did not appear as a possible LSs 

consumption mechanism and could not explain the difference in LSs consumption between 

the samples mixed with IA and those mixed with DA. 

The possibilities of calcium complexation and multilayer adsorption were examined. The LSs 

consumption on CaCO3 and Ca(OH)2 were measured, as reference of comparison with LSs 

consumption by cement paste (Figure 2 a, b). Calcium carbonate is known to be a suitable 

model system for investigating stability and rheology of cement paste (N. Mikanovic et al.), 
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and it is characterized by a very low solubility, also at high pH. Ca(OH)2 is one of the main 

cement hydrates and its solubility is about 100 times higher than the one of CaCO3. The 

adsorption isotherms of both these materials displayed an adsorption plateau. The plateau of 

Ca(OH)2 was more than 10 times higher than the one of CaCO3 because of the very high 

specific surface area of Ca(OH)2. Therefore, their main mechanism of LSs consumption 

appeared to be monolayer surface adsorption. Since calcium complexation or multilayer 

adsorption appeared as a minor or non-existing mechanism for both CaCO3 and Ca(OH)2 

(IA), and for the cements for DA, these mechanisms of LSs consumption were considered 

unlikely also for the cements for IA. 

It is known from literature that adsorption isotherms generally display a plateau when 

monolayer adsorption is reached, e.g. (Hiemenz and Rajagopalan, 1997). Therefore, it was 

concluded that monolayer surface adsorption was the main mechanism of LSs consumption 

for both cements when the LSs was added with DA.  

Considering the average molecular weight of the LSs molecule (29000 g/mol) and the specific 

surface area of the hydrated cement pastes as measured with BET, and knowing the LSs 

consumed at monolayer surface saturation, the LSs “molecular footprint” was calculated. It 

resulted to be about 25 nm
2
 for ANL cement and about 30 nm

2
 for CX cement. It should be 

noted that the LSs is characterized by a high polydispersity index, so only an approximate 

calculation of the molecular footprint is possible. 

As to the mechanisms of LSs consumption for IA, more possible mechanisms had to be 

evaluated. 

An increasing amount of ettringite had formed in the samples containing 1.5 mass % LSs 

added with IA compared to the reference sample without LSs, as shown by the TGA results 

(Figure 4 a, b). No increase in the ettringite amount was measured when the LSs was added 

with DA. The amount of ettringite formed was noticeably larger for CX cement than for ANL 

cement. 

Additionally, the BET surface analysis showed that, when the LSs was added with IA, the 

surface area of the hydrated cement samples remarkably increased with increasing LSs 

amount (Figure 5). On the contrary, nearly no increase was found when the LSs was added 

with DA. The increase was larger for CX cement paste, which also contained a larger amount 

of ettringite. Therefore, the increase in particle surface area was considered to be possibly 

correlated to the increased amount of ettringite. 

In conclusion, for IA, it appeared likely that, for CX cement paste, the observed increase in 

LSs consumption occurred solely because of the increase in particle surface area available for 

adsorption due to the increase in ettringite amount. In this case, the only mechanism of LSs 

consumption would have been monolayer surface adsorption. On the other hand, for ANL 

cement paste where the LSs was added with IA, the increase in ettringite amount, hence in 

specific surface area, was not large enough to explain the high LSs consumption observed. 

Therefore, other consumption mechanisms, still to be determined, were acting in addition to 

surface monolayer adsorption. 
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Paper II: On the effect of calcium lignosulfonate on the rheology and setting time of 

cement paste 

The second objective of the PhD project was to investigate the changes in rheology and 

setting time of the cement paste due to the addition of the LSs, and to relate them to the 

mechanisms of LSs consumption found in Paper I. The experimental work and the findings 

were mainly reported in Paper II. 

The cements and lignosulfonate used were the same as those used in Paper I. The LSs was 

added either immediately with the mixing water (IA), or delayed after 10 minutes of hydration 

(DA).  

First, the rheological properties of the cement pastes were measured with a serrated parallel 

plate rheometer after 10 (12 for DA), 20 and 30 minutes of hydration with varying LSs 

dosage. The results showed that in general the LSs was able to reduce both the yield stress 

and the viscosity of the two cement pastes at the times considered (Figure 1 a, b and Figure 2 

a, b). The only exception was CX cement paste after 30 minutes of hydration, which 

displayed a nearly constant yield stress and a remarkable increase in viscosity when 

increasing LSs dosages had been added with IA. For all the other samples mixed with IA, the 

reduction in yield stress and viscosity appeared to be gradual. On the contrary, the samples 

mixed with DA showed a sudden drop in yield stress and viscosity for lower LSs dosages than 

for IA. 

The rheological data was also presented as the area under the flow curve, or flow resistance 

(Figure 3 a, b). These results tendentially agreed with those calculated as yield stress and 

viscosity. 

When compared to the adsorption isotherms obtained in Paper I (Figure 7), the rheological 

results led to the conclusion that the rheological behavior related to the degree of LSs 

coverage of the available surface for adsorption. Indeed, a clear drop in yield stress and 

viscosity was measured for the cement pastes that reached an adsorption plateau, as observed 

for DA. On the contrary, the samples which did not reach surface saturation showed a more 

gradual increase in workability, as observed for IA. The very sudden drop in yield stress and 

viscosity observed for the samples mixed with DA makes the system less robust and very 

vulnerable to dosing. 

The rheology also appeared to be influenced by the larger amount of ettringite observed for 

IA with elevated LSs dosages already observed in Paper I, and later confirmed in the present 

paper with XRD. The increased formation of ettringite led to early stiffening of the cement 

paste, as also found by Hanehara and Yamada (Hanehara and Yamada, 1999), and hence to 

lower workability. In extreme cases, such as with CX cement with 1.5 mass % of binder LSs 

added with IA, the amount of ettringite was so large that it caused early hardening of the 

cement paste after 30 minutes of hydration. This represents an example of incompatibility 

between cement and the investigated plasticizer dosage. 

The effect of LSs on the hydration development of the two cement pastes was investigated 

with isothermal calorimetry, which allowed the calculation of the setting time (Figure 4 a, b 

and Figure 5 a, b). The hydration curves obtained from calorimetry displayed that both the 
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silicate and the aluminate peak were delayed by LSs addition in both cement pastes, and, 

between the two peaks, the silicates peak was the most retarded. The two peaks even merged 

in most samples at higher LSs dosages. This is a known compatibility issue between 

plasticizer and cement (Sandberg and Roberts, 2003, Marchon et al., 2014, Tuthill et al., 

1961, Roberts and Taylor, 2007): in some cases, the aluminate peak can occur earlier than the 

silicate one, leading to poisoning of C3S hydration and severe delay of setting. For the same 

LSs dosage, DA resulted in a larger retardation than IA, and ANL cement paste showed a 

larger delay than CX cement paste. This can be understood by lower LSs consumption  

When compared to the adsorption isotherms obtained in Paper I (Figure 7), the results from 

calorimetry indicated correlations between the setting retardation and the amount of free LSs 

in the pore solution. Indeed, over a certain threshold LSs dosage, any increase in free LSs 

corresponded to a large increase in setting retardation, especially for samples mixed with DA. 

The threshold also corresponded to a drop in yield stress. The larger setting retardation 

observed with DA might thus be explained with the higher amount of free LSs in the pore 

solution, hence higher amount of LSs available to retard C3S hydration. 

Finally, the elemental concentration of Al, Ca, Fe, Si and S in the pore solution extracted from 

ANL and CX cement pastes after 30 minutes of hydration was determined with ICP-MS 

(Figure 6). The results showed that only for the samples mixed with DA an increase in Al, Fe 

and Si concentration was measured in the pore solution as the LSs dosage increased. The 

increase was considerably larger for ANL cement than for CX cement. Aluminum ions 

dissolved in the pore solution were found to negatively impact the C3S hydration, both by 

increasing its induction period (Odler and Schüppstuhl, 1981, Valenti et al., 1978), and by 

reducing the extent of its hydration. This appears to be one of the feasible explanations for the 

increased setting retardation measured for DA compared to IA. 

In conclusion, the rheological behavior appeared to relate to the degree of LSs coverage of the 

available surface for adsorption, while the setting time was found to relate to the amount of 

free LSs in the pore solution. Additionally, the amount of ettringite formed upon IA appeared 

to influence both the rheology and the setting time of cement paste. Indeed, the ettringite 

supplied additional surface area, increasing the LSs consumption by adsorption, with 

consequent reduction of free LSs in the pore solution and lower setting retardation. Enhanced 

ettringite formation resulted in less free LSs dissolved in the pore solution and available to 

retard C3S hydration. The increased ettringite precipitation also led to faster sulfates 

depletion. 

Paper III: On the effect of calcium lignosulfonate on ettringite formation in cement 

paste 

Ettringite formation was found to have a key role in the interactions between cement and 

lignosulfonate. For this reason, Paper III focused on the effect of varying dosages of LSs on 

the amount and morphology of the ettringite formed in Portland cement.  
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The cements and lignosulfonate used were the same as those used in Paper I and in Paper II. 

The LSs was either added immediately with the mixing water (IA), or delayed after 10 

minutes of hydration (DA).  

The hydrates formed in pastes of the two cements with increasing LSs dosages, both for IA 

and DA, after 30 minutes of hydration were identified using TGA and XRD. The amount of 

hydrates was estimated by TGA. The results showed that the amount of ettringite formed for 

IA increased with the LSs dosage up to a threshold value, over which the increase was 

noticeably smaller (Figure 1 to Figure 7). The presence of a large amount of small ettringite 

crystals indicates that the LSs enhanced ettringite formation when added with IA. For DA, on 

the other hand, a constant amount of ettringite was observed with increasing LSs dosages.  

Since the amount of ettringite formed, especially in CX cement paste for IA, was large, the 

authors investigated whether other factors could have enhanced ettringite formation. The 

maximum amount of ettringite that could have theoretically formed based on the amount of 

aluminates and sulfates available, as defined in paper III, paragraph 4.1.1, was calculated. The 

paste of CX cement with 1.5 mass % LSs added with IA formed the highest amount of 

ettringite. For this sample, no considerable difference was found between the amount of 

ettringite that could theoretically have formed and the one measured with TGA. Therefore, 

other mechanisms that could have increased the amount of ettringite formed, such as the 

intercalation of sulfonate groups from the LSs molecule, appeared to be minor, if present at 

all. 

Another mechanism that could have enhanced ettringite formation is the possible increase in 

dissolution of the calcium sulfates. This concerns especially anhydrite, since it is only 

contained in CX cement, which formed the largest amount of ettringite. The content in Ca and 

S of the pore solution extracted after 30 minutes of hydration from samples of gypsum, 

hemihydrate and anhydrite containing increasing LSs dosages was measured. The results 

showed that both for gypsum, anhydrite and hemihydrate, the LSs appeared to even suppress 

their dissolution (Figure 21). Therefore, it was concluded that the large increase in ettringite 

formed in CX cement paste was not due to an increased dissolution of the calcium sulfates. 

The hydrates formed in the pastes of the two cements after 30 minutes of hydration were 

observed with SEM and their chemical composition was analyzed with EDS (Figure 8 to 

Figure 14). The ettringite crystals were visually observed in a real cement system and not as a 

pure synthesized phase. The pastes of ANL and CX cements looked noticeably different 

depending on the addition time of the LSs. For IA, the particles of both cement pastes 

presented large portions of surface covered with ettringite crystals, while, for DA, the crystals 

observed were noticeably fewer. The crystals observed for the two cements appeared of 

different size and shape: cubic with size between 0.1 and 0.2 µm for ANL cement, and 

cuboidal with length between 0.2 and 0.4 µm for CX cement (aspect-ratio varying between 

1.5:1 and 4:1). 

In addition to the amount, several studies in literature also found that plasticizers can change 

the morphology of ettringite, from the typical needle-like structure, to a more round or cubic 

one (Prince et al., 2002, Kerui et al., 2002, Hekal and Kishar, 1999, Cody et al., 2004, Danner 
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et al., 2016, Stöber and Pöllmann, 1998). In the present study, after 30 minutes of hydration, 

no major difference in ettringite morphology could be observed between pastes of ANL and 

CX cements without LSs or with 1.5 mass % of binder LSs added with IA or with DA (Figure 

8 to Figure 12). It can be therefore concluded that, after 30 minutes of hydration, the addition 

of LSs did not lead to changes in ettringite shape for the cements analysed in this study. 

No major difference in ettringite morphology was found between samples of ANL and CX 

cement pastes with 1.5 mass % of binder LSs added with IA hydrated for 30 minutes and 

those of the same pastes without LSs hydrated for 6 hours, and between the two cements 

(Figure 15 and Figure 16). Indeed, in both systems the ettringite crystals appeared with a 

compact and cuboidal shape instead of the expected needle-like shape.  

In light of the differences in amount of ettringite in fresh cement paste caused by the addition 

of LSs, the effect of LSs on the hydrates of 28 days-old cement was also investigated with 

TGA (Figure 22 and Figure 23). No major differences in hydrates type or amount were 

observed between IA and DA and between the samples containing different LSs dosages. 

Therefore, the addition of LSs and its addition time seemed not to play a major role in type 

and amount of hydrates formed in ANL and CX cement pastes after 28 days of hydration. For 

DA, the addition of a high LSs dosage (compared to the dosages normally used in practice), 

was found to cause lack of hardening in ANL cement even after 28 days of hydration. 

In conclusion, the IA of the LSs appeared to promote ettringite formation after 30 minutes of 

hydration, especially for CX cement. On the contrary, ettringite morphology was found not to 

be influenced by the LSs addition. The formation of a large amount of ettringite for IA after 

30 minutes of hydration might lead to several consequences concerning the LSs consumption, 

rheology and setting time of cement paste: 

The large specific surface area due to the additional ettringite formed led to higher LSs 

consumption by surface adsorption by the cement paste. This led to the need of a higher LSs 

dosage in order to reach a given workability. This also led to less free LSs in the pore solution 

available to delay C3S hydration, thus a more limited setting retardation, when compared to 

DA. In addition, the retardation appeared to be less sensitive to small variations in dosing for 

IA than for DA, i.e. the system was more robust for IA. For DA, a small increase in LSs 

dosage led to large increase in setting retardation, which can be a source of incompatibility 

between cement and plasticizer. 

The presence of numerous ettringite crystals on the surface of unhydrated cement grains could 

also change the workability of the cement paste. Indeed, the increased formation of ettringite 

measured for IA led to early stiffening of the cement paste, reduced workability until potential 

rapid set. This is a form of incompatibility between cement and plasticizer.  
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6. Conclusions

The experiments included in this PhD thesis were conducted on a sugar-reduced softwood 

calcium lignosulfonate (LSs), and on pastes of two Portland cements: a CEM I 52.5 N (ANL) 

and a CEM I 52.5 R (CX), as defined by the European Standard EN197-1:2011. Between the 

two cements studied, CX cement had the highest C3A content and fineness. The conclusions 

drawn from the conducted experiments are hereby reported according to the objective they 

answer to. 

Objective 1: To identify the consumption mechanisms of lignosulfonate by Portland 

cement paste 

Neither AFm nor intercalated AFm were observed. Therefore, intercalation could not explain 

the differences in LSs consumption observed between IA and DA. 

Calcium complexation and multilayer adsorption were considered as minor mechanisms of 

LSs consumption in the cements for IA, since they appeared minor or not existing for both 

CaCO3 and Ca(OH)2, and for the cements in case of DA.  

Immediate addition (IA) of LSs to the cement pastes led, up to a threshold LSs dosage, to 

increased formation of ettringite, and subsequent surface area, compared to the same pastes of 

the cements without LSs or to those mixed with delayed addition (DA).  

The mechanism of LSs consumption appeared to be mainly monolayer surface adsorption for 

CX cement (both for IA and for DA), and for ANL cement when DA was applied. For ANL, 

other mechanisms in addition to monolayer surface adsorption appeared to play a role in LSs 

consumption when IA was applied.  

For high surface area and high C3A cement (as CX cement), the difference in LSs 

consumption between IA and DA was most likely due to the increased ettringite amount and 

subsequent surface area. For ANL cement, other mechanisms contributed to LSs consumption 

additionally to surface adsorption in case of IA. 

Objective 2: To link the lignosulfonate consumption to its effect on the rheological 

properties and setting time of Portland cement paste 

The rheological behavior of cement paste with LSs related to the degree of LSs coverage of 

the available surface for adsorption. A drop in yield stress and viscosity was measured for the 

cement pastes that reached an adsorption plateau, as observed for DA. Samples which did not 

reach surface saturation, as observed for IA, showed a more gradual increase in workability 

requiring higher LSs dosages when compared to those needed for DA. 

The setting behavior of cement paste with LSs appeared to relate to the amount of free LSs in 

the pore solution. For IA, the large amount of ettringite formed provided additional surface 

area. This caused higher LSs adsorption, reducing the amount of free LSs in the pore solution 

and, in turn, the setting retardation. 

Increased ettringite precipitation was observed to lead to earlier sulfate depletion, accelerating 

the aluminates reaction, possibly altering the balance between silicates and aluminates. 
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Objective 3: To understand the effect of lignosulfonate on the amount of ettringite 

formed and on its morphology 

Immediate addition (IA) of LSs to the cement pastes led to a considerable increase in the 

amount of ettringite formed compared to pastes of the same cements without LSs. Delayed 

addition (DA) of LSs did not affect the amount of ettringite formed.  

For the systems analyzed in this paper, no changes in the morphology of the ettringite crystals 

appeared to be caused by LSs addition.  

SEM imaging allowed observing the finely dispersed ettringite crystals in the cement paste. In 

case of immediate addition (IA) of LSs, the ettringite shape was cubic with size between 0.1 

and 0.2 µm for ANL cement, and cuboidal with length between 0.2 and 0.4 µm for CX 

cement (aspect-ratio varying between 1.5:1 and 4:1).  

The study of pure calcium sulfate systems indicated that the large amount of ettringite formed 

upon LSs addition with IA was not due to an increased dissolution of the calcium sulfates.  

The presence of numerous small ettringite crystals on the surface of unhydrated cement grains 

upon LSs addition with IA led to an increase in plasticizer adsorption. This renders the system 

more robust, i.e. less sensitive to variations in dosing, regarding retardation and slump loss 

compared to DA. However, the large amount of crystals might potentially cause 

incompatibility problems due to early stiffening.  

After 28 days of hydration, no noticeable effect of LSs addition and of its addition time on the 

amount of hydrates formed was observed, despite the large differences in the amount of 

ettringite formed after 30 minutes. 

Final remarks 

In conclusion, the use of the LSs studied in this PhD thesis in combination with cements 

characterized by high C3A content and fineness appears critical, as possibly leading to 

incompatibility issues such as higher LSs dosage needed to reach a given workability, severe 

setting retardation, rapid set, and sudden slump loss. Therefore, before using LSs in the 

concrete practice, special attention should be paid on the compatibility between the LSs and 

the cement chosen. 

As to the LSs addition method, the DA of LSs after 10 minutes of hydration was found to 

reach a given workability increase with lower LSs dosages than for IA. However, for DA, 

pastes of both cements were found to be very sensitive to variations in LSs dosage: even a 

small increase from the optimal LSs dosage could lead to sudden drop in yield stress and 

viscosity. Therefore, a special attention has to be paid when the LSs is added with DA.  



23 

7. Future research

Consumption mechanisms of LSs by the cement paste 

For immediate addition, the mechanism of LSs consumption was found to be mainly 

monolayer surface adsorption for CX cement paste. However, for ANL cement paste, 

monolayer surface adsorption could not fully explain the amount of LSs consumed. 

Therefore, further investigations are needed to identify other possible mechanisms of LSs 

consumption. 

Influence of the plasticizer addition time on ettringite development 

The results reported in Paper 3 showed that the hydrates formed after 30 minutes of hydration 

by the two cement pastes were different depending on the presence of LSs and its addition 

time. Further investigations are necessary to understand what are the mechanisms behind the 

increase in ettringite formed for IA, but not for DA. 

Effect of LSs on the physical and mechanical properties of hardened cement 

The great majority of the experiments contained in this PhD thesis were conducted on fresh 

cement paste after 30 minutes of hydration. The results from TGA displayed that the addition 

of increasing LSs dosages did not lead to remarkable differences in hydrates type and amount 

in hardened cement paste. However, the way the crystals are formed will influence the 

microstructure of the hardened cement, which can impact the compressive strength 

(Papadakis and Tsimas, 2002). Therefore, it appears a matter of interest to further investigate 

the impact of lignosulfonate on the morphology and microstructure of hydrates of hardened 

cement paste. 

Polydispersity of lignosulfonate 

The lignosulfonate used in this PhD thesis is characterized by a weighted molecular weight 

(Mw) of 29000 g/mol and a number weighted molecular weight (Mn) of 2100 g/mol, giving a 

broad molar-mass dispersity equal to 13.8. The molar-mass dispersity (ĐM), also called 

polydispersity index, is defined as the ratio between Mw and Mn. Since the molecular mass of 

a plasticizer is known to influence its adsorption (Ramachandran, 1996), deeper investigations 

of the mechanisms of adsorption of lignosulfonate molecules based on their size seems of 

great interest. 
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ABSTRACT 

The aim of this paper is to assess the mechanisms of consumption of softwood calcium 

lignosulfonate (LSs) by cement paste. The LSs consumption by two different cements (CX 

and ANL) and two reference materials (CaCO3 and Ca(OH)2) was investigated, either by 

adding the LSs immediately with the mixing water (IA) or after 10 minutes of hydration 

(DA). For IA, the increase in LSs dosage caused additional ettringite formation and an 

increase in particle surface area. This was not observed for DA. Since no AFm phase could be 

detected, intercalation in AFm seemed not to occur for the investigated materials. The main 

mechanism of LSs consumption for CX cement (both for IA and DA) and for ANL cement 

(only for DA) appeared to be monolayer adsorption. For IA, the amount of consumed LSs 

could not be ascribed exclusively to monolayer surface adsorption and other LSs consumption 

mechanisms might play a role.  

1. INTRODUCTION

Water-reducers, or plasticizers, are commonly used as admixture for concrete. Their addition

to fresh concrete allows obtaining highly fluid concrete at low water-binder ratios, improving

the mechanical properties of the hardened concrete. To optimize the polymer-cement

combination and the amount of admixture needed to achieve the desired workability, it is

important to understand the mechanisms of consumption of plasticizer by cement paste.

The plasticizer investigated in this paper is a low-sugar softwood calcium lignosulfonate 

(LSs), commonly used in concrete in the dosage of 0.25-0.40 mass % of binder. 

Lignosulfonates are polyelectrolytes derived from lignins from pulping industry. The lignins 

are fragmented and sulfonated, thereby becoming water-soluble. Lignin can be derived both 

from softwood and hardwood trees, which results in lignosulfonates with different molecular 

weight and amount of molecular functional groups (carboxyl groups, phenolic-OH, sulfonic 

groups). Lignosulfonate is known to have medium retarding effect on cement hydration. The 

sugars naturally contained in lignin remain in lignosulfonate after its production. These sugars 

contribute to longer setting times of cement, in particular the hexoses, which can be removed 

by fermentation in low-sugar lignosulfonates. However, studies in literature found that also 

sugar-free lignosulfonates exhibited pronounced retardation of cement paste hydration, e.g. 

[1, 2]. 
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Plasticizers interact with unhydrated and hydrated cement grains, as summarized in a recent 

literature review by Marchon and Flatt [3]. In this paper, the amount of polymer uptaken by 

the cement paste is defined as “consumed” as opposed to the free one dissolved in the pore 

solution. The mechanisms of polymer consumption will be separately discussed in this 

paragraph.  

The dispersing effectiveness of a superplasticizer on cementitious materials is, amongst 

others, a function of its degree of adsorption on the surface of cement grains and hydrates. 

The adsorbed plasticizer layer renders the total particle surface negatively charged, i.e. with a 

negative zeta potential. As negatively charged particles approach each other there will be an 

electrostatic repulsion preventing them from forming agglomerates. Additionally, when two 

surfaces approach enough for their adsorbed layers to overlap, a steric force develops. This 

will contribute in hindering particles to get close enough to form agglomerates. The key 

parameters that govern the steric repulsion are the adsorption layer thickness and its 

conformation at the solid liquid interface [4].  

The polymer will not be adsorbed equally on the four main cement phases. According to 

Yoshioka et al. [5], much higher adsorption occurs on aluminate and ferrite than on the 

silicate phases. The amount of adsorbed polymer on ettringite was found to be the largest 

amongst the cement hydrates by Zingg et al. [6]. It must be noted that, in both the cited 

references, the results were reported by unit of mass and not by unit of specific surface. 

Polymer adsorption can also take place in multiple layers on cement particles and hydrates. 

After ideal monolayer coverage, the cement particles will have a negative surface charge. 

Ca
2+

 ions will then be electrostatically attracted to the negatively charged groups of the

polymer and they will bond with them. This Ca
2+

 outer layer will allow the adsorption of a

further layer of negatively charged polymer [7, 8], facilitating additional consumption of 

polymers. 

Adsorption onto the surface of cement particles and hydrates is not the only potential 

consumption mechanism taking place when a plasticizer is added to a cementitious system. 

Part of the water-reducing admixture might also be intercalated in the hydration products, 

mainly in the layered structure of AFm, and part of the admixture will remain dissolved in the 

aqueous phase, according to, amongst others, [9-12]. When tricalcium aluminate (C3A) enters 

in contact with water, it reacts immediately forming, in absence of gypsum, the metastable 

layered phases C4AH19 and C2AH8. In presence of gypsum, C3A will react with water forming 

3236 HSAC (ettringite) and 
4 12C ASH (monosulphate). C4AH19, C2AH8 and 

4 12C ASH belong to 

the group of layered double hydroxides (LDHs). Several anions and polyelectrolytes can 

intercalate in between the cationic layers of LDH compounds by replacing their hydroxyl 

ions. According to Plank et al. [10], intercalation was found to be possible for polymers with 

different structure, namely, linear, comb-like and polymer brushes with very long side chains. 

The polymer intercalated in LDHs will no longer be available for dispersing cement particles; 

therefore a higher dosage of polymer will be necessary to reach the desired workability. 
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Another possible mechanism of polymer-cement interaction is complexation between 

functional groups of the plasticizer and calcium ions dissolved in the pore solution, as 

observed in several studies [13-16]. Collins et al. [13] found that calcium ions dissolved in a 

calcium lignosulfonate solution with pH over 10-11 can hold together a matrix of 

lignosulfonate molecules, forming a gel. Other cations, e.g. aluminium and iron, could also 

tightly bind to LS molecules. As mentioned by Sowoidnich et al. [15], the interaction between 

calcium ions and polymer functional groups (mainly sulfonic and carboxyl groups) can be 

divided into complexation of calcium ions in aqueous solution, complexation of calcium ions 

on particles surface (adsorption) and formation of polymer-containing clusters. Formation of 

Ca-polymer complexes will increase the amount of consumed polymer if they are precipitated 

or form colloids that are filtered away when collecting pore solution, and decrease the amount 

of free Ca
2+

 ions in the pore solution, lowering the Ca-Si ratio of the pore solution, hence

possibly modifying the hydration reactions and the resulting hydrates, as stated by Yousuf et 

al. [17]. The polymer molecules captured in the complexes with calcium ions might still have 

some free anionic functional groups on their outer regions. These anionic functional groups 

might as well be attracted to the positive charged calcium ions adsorbed on the polymer layer 

over cement particles and hydrates. The calcium-polymer complexes might then bind to the 

cement particles already covered with polymer, decreasing the amount of free LSs in the pore 

solution and forming multiple layers of polymer adsorbed. For this reason the mechanisms of 

calcium complexation and multilayer adsorption can be considered interrelated and, 

sometimes, undistinguishable from each other. 

The subject of this paper is to investigate the mechanisms consuming a low-sugar softwood 

calcium lignosulfonate (LSs) in paste of two Portland cements with different surface area and 

C3A content. The effects were studied both by adding the lignosulfonate immediately with the 

mixing water (IA) and by adding it after 10 minutes of hydration (DA). The amount of 

polymer consumed by the cement paste was determined by UV-spectrometry and adsorption 

isotherms were calculated. Comparison of adsorption isotherms onto cement and reference 

materials representative of cement but which do not hydrate (CaCO3 and Ca(OH)2), allow a 

better elucidation of the LSs consumption mechanisms in simpler systems than cement. 

Changes in the surface area of the hydrated cement particles were investigated by BET. The 

changes in composition and amount of cement hydrates caused by the addition of 

lignosulfonate were investigated with thermogravimetric analysis (TGA).  

2. EXPERIMENTAL

2.1 Materials 

The mechanisms of plasticizer consumption by cement paste were studied adding a low-sugar 

softwood calcium lignosulfonate (LSs) to two Portland cements: a CEM I 52.5 N (ANL) and 

a CEM I 52.5 R (CX). The two cements were chosen because of their different surface area 

and C3A content. The content of the main clinker phases of the cements quantified by XRD 

Rietveld are given in Table 1. The chemical composition of the cements and the loss of 

ignition at 950 ºC determined by XRF are reported in Table 2. The particle size distribution 

(d10, d50, d90), Blaine surface area and density, BET surface area are given in Table 3.  
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A sugar-reduced softwood calcium lignosulfonate (LSs) was used as plasticizer. Its mass 

weighted molecular weight (Mw), as measured with gel permeation chromatography (GPC), 

was 29000 g/mol and the number weighted molecular weight (Mn) was 2100 g/mol, giving 

broad molar-mass dispersity (ĐM) equal to 13.8. The molar-mass dispersity, also called 

polydispersity index, is defined as the ratio between Mw and Mn [18]. Additional physical and 

chemical properties of the lignosulfonate are listed in Table 4. For the lignosulfonate used in 

the present investigation, the sugars were removed from the polymer molecule by 

fermentation and resulting alcohol by distillation. The LSs was dissolved in deionised water 

to concentrations varying from 1 to 45 % to ease dosing, and the water content was included 

in the calculation of the water-to-binder ratio (w/b). 

CaCO3 and technical-grade precipitated Ca(OH)2 were also mixed with lignosulfonate in 

order to study some simplified model systems. Their specific surface areas determined by 

BET are reported in Table 5. In order to mimic the basic pH of cement paste, these samples 

were mixed with LSs solution diluted in artificial pore water. The artificial pore water was a 

solution of NaOH and KOH with K/Na molar ratio equal to 2 and measured pH of 12.9.  

2.2 Sample preparation 

2.2.1 Portland cements 

Cement was mixed with distilled water and/or lignosulfonate solution in a high-shear mixer 

MR530 by Braun at intensity 6 obtaining pastes with w/b = 0.4. About 200 ml of cement 

paste was mixed per batch. In order to investigate the effect of the time of addition of 

lignosulfonate, two different mixing procedures were compared: immediate addition of LSs 

with the mixing water (IA) and delayed addition of LSs at 10 minutes of hydration (DA).  

For IA, the binder was mixed with distilled water (and/or lignosulfonate diluted in distilled 

water or artificial pore water) according to the procedure used by Vikan [19]: 30 seconds 

mixing and scraping the walls of the mixer to homogenize the mix, 5 minutes resting and 1 

minute mixing.  

For DA, the binder and 85% of the needed water were mixed according to the following 

mixing procedure: 30 seconds mixing and scraping the mixer walls to homogenize the mix, 10 

min resting (delay time chosen according several studies in literature [20-23]). LSs and the 

remaining 15% of the needed water were then added to the mix which was mixed for 1 

minute. 

After mixing, about 35 ml of paste was poured in 50 ml sealed plastic centrifuge tubes and let 

rest until the chosen analysis time.  

2.2.2 Calcium carbonate 

Calcium carbonate has been shown to be a suitable model system for investigating stability 

and rheology of cement paste. Mikanovic et al. [24] showed that calcium carbonate exhibits 

colloidal properties very similar to those of cement paste at early ages (hydration < 1 hour). 

CaCO3 exhibit surface properties and flocculation behavior similar to that of cement paste, 

namely, an irregular spheroid shape, and a low surface charge in water. In addition it has a 
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very low solubility, also at high pH. In addition, this material was expected not to noticeably 

react with water. 

About 300 g of CaCO3 was mixed with about 90 g of LSs solution dissolved in artificial pore 

water in a high-shear mixer MR530 by Braun at intensity 6. The mixing procedure was 

identical to the one used for neat cement with IA. The water-solid ratio by mass was 0.3. 

Several LSs dosages were analysed, as reported in Table 6. The samples were let to rest for 30 

minutes prior to being analysed. 

2.2.3 Calcium hydroxide 

Ca(OH)2 is one of the main cement hydrates and its solubility is about 100 times higher than 

the one of CaCO3, so it appears to be useful to investigate the possible interaction between the 

LSs and calcium ions. About 5 g of Ca(OH)2 was mixed with about 40 g of LSs solution 

dissolved in artificial pore water in plastic centrifuge tubes and mixed by hand for 1 minute. 

The high fineness of the Ca(OH)2 powder required a water-solid ratio by mass of 8.0. The 

mixing solution contained increasing amounts of LSs, as reported in Table 6. All the samples 

were let to rest for 30 minutes prior to being analysed. 

2.3 Methods 

2.3.1 Adsorption isotherms 

Polymer adsorption by a solid is usually described through isotherms, in which the amount of 

polymer adsorbed is plotted against the total amount of polymer added to the system [25]. The 

shape of an isotherm is largely determined by the adsorption mechanism. In this study, the 

isotherms were drawn relating the amount of LSs consumed by the cement paste to the 

amount of total LSs added to the sample.  

With the help of a calibration curve, achieved by measuring the UV absorbance of pure LSs 

solutions in artificial pore water at different concentrations, the amount of free plasticizer (g 

LS/100 g solution) was calculated. This amount was related to the amount of binder in the 

sample (g LS/100 g binder). The LSs consumed by the investigated systems was then 

calculated by subtracting the amount of free LSs from the total amount of LSs initially added 

to the sample, as displayed in the following equation:  

consumed LSs = total LSs – free LSs       (1) 

The absorbance of the pore solution was measured with UV-spectroscopy. In order to confirm 

the results obtained with UV-spectroscopy, the adsorption isotherm of ANL cement for IA 

was measured also with total organic carbon analysis (TOC). Potential removal of polymer 

aggregates by filtration was eliminated as error source, by comparing TOC analysis of filtered 

and un-filtered samples which were found to be very similar 

2.3.1.1 UV-spectroscopy 

UV-spectrometry allowed measuring the absorbance of the pore solution at increasing LSs 

dosage. The LSs dosages tested are summarized in Table 6. 
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The pore solution was extracted from the cement paste by centrifuging the samples in a 

Heraeus Megafuge 8 centrifuge by Thermo Scientific for 3 minutes at the speed of 4500 rpm. 

The supernatant pore solution was extracted and filtered with 0.45 µm cellulose acetate 

syringe filters by VWR. The amount of free LSs in the pore water was measured with UV-

spectrometry with a Genesys 10S UV-spectrophotometer by Thermo Scientific. Several 

wavelengths have been reported in literature to study the amount of lignosulfonate in pore 

solution: Perche [26] and Ratinac [27] used 280 nm, Uchikawa et al. [28] and Houst at al. [4] 

used 284 nm, Vikan [19] used 283 nm. Samples diluted 1:100 with distilled water were 

scanned with different wavelengths from 190 to 300 nm using distilled water as blank 

reference sample. For the plasticizer used in this study, 281 nm was chosen as the best 

wavelength to measure the absorbance value.  

The amount of plasticizer consumed by cement paste as a function of increasing hydration 

time was determined by centrifugation of pastes aged for different times (5-120 minutes). As 

displayed in Figure 1, it was found that at 10 minutes of hydration the LSs uptake reached an 

equilibrium value. All the samples were then analysed aftert 30 minutes of hydration. 

2.3.1.2 Total organic carbon (TOC) 

The concentration of free polymer in the pore solution extracted by ANL cement (0.2; 0.4; 

0.8; 1.0; 1.5 mass % of binder LSs IA) was measured with the total organic carbon analysis 

(TOC). The TOC analysis was performed using a Vario TOC Cube by Elementar. The 

extracted pore solution was filtered with 0.20 μm cellulose acetate filters. Part of the sample 

was acidified with 2 drops of concentrated HCl to prevent any formation of precipitates in the 

solution. The amount of consumed LSs was measured by TOC on the same sample before and 

after acidification. Acidification did not lead to any variation in the results. No notable 

difference in the results obtained with UV-spectroscopy and with TOC was displayed up to a 

LSs dosage of 0.6 mass % of binder. Over this dosage, the consumed LSs from TOC 

measurements was from 3 to 15 % higher than the one measured with UV-spectroscopy. The 

difference might be due to the differences in sample preparation (different sample dilution, 

different filter used) and the measurement techniques. However, the results obtained with the 

two different techniques showed similar trends.  

2.3.2 Solvent exchange 

A solvent exchange procedure with isopropanol was used to stop the hydration of the cement 

paste after 30 minutes of hydration. The samples were then analysed with thermogravimetric 

analysis (TGA) and BET. 

About 5 ml of cement paste was transferred in a 50 ml centrifuge tube and centrifuged for 1 

minute at 2000 rpm. The supernatant water was removed. About 40 ml of isopropanol was 

poured in the centrifuge tube. The tube was shaken for 30 seconds and let to rest for 5 

minutes. The sample was centrifuged again for 1 minute at 2000 rpm and the supernatant 

liquid was removed. The solvent exchange procedure with isopropanol was repeated once, 

followed by a final solvent exchange with 10 ml of petroleum ether. The resulting paste was 

let to dry for 2 days in a desiccator over silica gel, and soda lime to minimize carbonation. 
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After drying, the samples were homogenized in a porcelain mortar and stored in sealed 

containers in a desiccator over silica gel and soda lime until analysis. 

2.3.3 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis (TGA) was performed with a Mettler Toledo TGA DSC3+ on 

hydrated cement paste after stopping the hydration using solvent exchange. Approximately 

200 mg of cement paste powder was loaded in 600 µl alumina crucibles. The samples were 

heated from 40 to 900°C at a rate of 10°C/min while purging with 50 ml/min N2. 

2.3.4 Characterization of surface area of hydrated cement pastes by BET 

The BET measurements were performed using a Tristar II Plus by Micromeritics on samples 

of which the hydration was stopped with the solvent exchange procedure. Before the 

measurement, the samples were degassed for about 5 minutes at room temperature. The 

measurement was performed purging the samples with nitrogen at room temperature, which 

took about 10 minutes. The sample mass was about 2 g. The samples did not undergo any 

thermal treatment before the measurement to avoid any possible destruction of ettringite, as 

recommended by Mantellato et al. [29, 30]. 

3 RESULTS 

3.1 Adsorption isotherms 

The adsorption isotherms of ANL and CX cement pastes, CaCO3, and Ca(OH)2 were obtained 

by measuring the amount of consumed polymer for an increasing dosage of polymer in the 

mix as described in Table 6. Higher LSs dosages were used for Ca(OH)2 due to its very small 

particle size, and thus larger specific surface. For CX cement it was not possible to extract 

pore water at LSs dosages over 1.0 mass % of binder due to paste hardening after 30 minutes 

of hydration. The LSs was added to the cement paste either immediately with the mixing 

water (IA), or after 10 minutes of hydration (DA). The results are presented as consumed LS 

per mass % of binder in Figure 2a, and per m
2
 of unhydrated substrate surface area available

for adsorption in Figure 2b. The isotherms were obtained by fitting the experimental data to 

the non-linear Langmuir model [25]. As reported in [31], the Langmuir model is not ideal for 

a system like cement paste, which surface area changes with hydration and where the polymer 

is not adsorbed equally on all cement phases. The Langmuir model was however used to fit 

the adsorption measurements collected in the present paper, keeping in mind the limitations 

connected to it. The adsorption isotherm of Ca(OH)2 is omitted in Figure 2 a because of the 

higher LSs dosages used. It must be noted that the water-solid ratio by mass was 0.3 for 

CaCO3 and 8.0 for Ca(OH)2, while it was 0.4 for the neat cements. 

The results were also presented in Figure 3 as consumed LSs amount (% of the LSs amount 

added) versus the LSs amount added. Figure 3 shows that all the adsorption isotherms for the 

cements displayed similar LSs consumption at low LSs dosage (up to about 0.25 mass % of 

binder LSs). At these low LSs dosages, about 75 % of the LSs added was consumed both for 

IA and for DA. At LSs dosages higher than about 0.25 mass % of binder, the curves obtained 

for IA showed a LSs consumption of about 70 % of the LSs added. The consumption kept 

constant with increasing LSs dosages. For DA, the amount of LSs consumed decreased from 
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about 75 % to about 30 % of the LSs added when the LSs dosage increased from 0.25 to 1.5 

mass % of binder.  

As displayed in Figure 2, for IA, no adsorption plateau could be detected within the tested 

range, neither for ANL nor for CX cement. This has also been observed by others, e.g. by 

Vikan [19] and Ratinac et el. [27]. The isotherms’ shape indicated a continuous LSs uptake 

when more LSs was added to the mix.  

For DA, an adsorption plateau was found for both cements. The isotherms that reached an 

adsorption plateau also displayed a considerably lower amount of LSs consumed by the 

cement pastes compared to those that did not reach any plateau. 

3.2 Surface area of hydrated cement particles 

The BET surface area was measured for ANL and CX cement pastes with increasing LSs 

amounts hydrated for 30 minutes. The hydration was stopped by solvent exchange after 30 

minutes. The results are shown in Figure 5.  

For both cements the surface area after 30 minutes of hydration was found to increase as the 

dosage of plasticizer added to the cement paste increased. The increase in surface area was 

remarkably larger for CX than for ANL cement, and for IA compared to DA.  

New adsorption isotherms were calculated dividing the amount of consumed LSs by the 

actual surface area of ANL and CX cements after 30 minutes of hydration as measured with 

BET for both IA and DA. The results are displayed in Figure 6. For CX cement, the isotherms 

obtained with IA and DA nearly coincide, both reaching an adsorption plateau. On the 

contrary, for ANL cement, even when expressed relative to the hydrated surface area, the 

adsorption isotherms remain qualitatively similar to those obtained considering the 

unhydrated surface area. 

3.3 LSs molecular footprint 

As displayed in Figure 6, for ANL cement, the adsorption plateau was reached for a total LSs 

amount between 0.8 and 1.2 mass % of binder, which the authors assume to be due to the 

achievement of monolayer surface coverage. Knowing the molecular weight of the LSs 

molecule (29000 g/mol) and the specific surface area of hydrated ANL cement as measured 

with BET (174 m
2
/100g cement with 0.8 mass % of binder LSs, and 184 m

2
/100g cement

with 1.2 mass % of binder LSs), it is possible to calculate the LSs “molecular footprint”. The 

LSs molecular footprint resulted to be about 25 nm
2
 for ANL cement for both LSs dosages,

which agrees to the data given by the producer (50 ± 30 nm
2
). The producer calculated this

value from the plateau values of the adsorption isotherms of LSs on MgO at alkaline pH. 

For CX cement, the adsorption plateau was reached for a total LSs amount between 1.2 and 

1.5 mass % of binder. Knowing the specific surface area of hydrated CX cement as measured 

with BET (286 m
2
/100g cement with 1.2 mass % of binder LSs, and 301 m

2
/100g cement

with 1.5 mass % of binder LSs), the LSs molecular footprint was calculated as about 30 nm
2

for both LSs dosages. This value also agrees to the data given by the producer (50 ± 30 nm
2
).
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In order to get a deeper understanding of the actual plasticizer consumption mechanisms by 

cement paste, the adsorption isotherms determined with ANL or CX cements were compared 

to those obtained for simplified model systems, CaCO3 and Ca(OH)2.  

The CaCO3 isotherm is displayed in Figure 2 a per mass % of dry powder. The CaCO3 

isotherm reached an adsorption plateau for a total LSs amount between 0.2 and 0.4 mass % of 

binder. At surface saturation, about 0.06 g of admixture was adsorbed on 100 g of CaCO3. 

Since the specific surface area of the unhydrated CaCO3 was measured with BET as 57 

m
2
/100g, the surface coverage can be calculated as about 920 m

2
/g LS. Hence, the molecular

"footprint" (coverage) of LSs was calculated as about 45 nm
2 

for both LSs dosages. This

result agrees with the data given by the producer (50 ± 30 nm
2
).

The Ca(OH)2 isotherm, omitted in the figures due to the high LSs dosages used, reached an 

adsorption plateau for a total LSs amount between 8.0 and 12.0 mass % of binder. The high 

LSs dosages at which the plateau is reached is most likely due to the high specific surface area 

of the Ca(OH)2 particles. At surface saturation, about 0.06 g of admixture was adsorbed on 

100 g of Ca(OH)2. Since the specific surface area of the unhydrated Ca(OH)2 was measured 

with BET as 1666 m
2
/100g, the molecular "footprint" of LSs was calculated as about 70 nm

2 

for both LSs dosages. This value resulted higher than the one obtained for CaCO3, even 

though still included in the range given by the producer (50 ± 30 nm
2
).

The consumed LSs at plateau achievement and the molecular footprint calculated for the 

different materials can be found in Table 7. It has to be kept in mind that the LSs has a broad 

polydispersity index, which leads to a wide error in the molecular footprint given by the 

producer. The results reported in Table 7 showed that a relatively similar footprint was 

obtained for the model materials, i.e. CaCO3 and Ca(OH)2, and the real cements. 

3.4 Hydrates characterization 

In order to investigate the effects of LSs on hydrates formation, thermogravimetric curves 

were measured on ANL and CX cement pastes with 1.5 mass % of binder LSs added with IA 

and DA. A reference sample of ANL and CX pastes without LSs was also measured. The 

hydration of the tested samples was stopped after 30 minutes with the solvent exchange 

procedure using isopropanol and petroleum ether, as described in paragraph 2.3.2. The results 

are displayed in Figure 4 a, b.  

Several peaks could be observed: the peak at about 120 ºC and the smaller one at 240 ºC 

indicate the presence of ettringite (ettr.). The peak around 160 ºC represents the 

decomposition of sulfates. The sulfates will be most likely gypsum (x = 2) for ANL cement. 

CX cement originally contains anhydrite (x = 0), which will not show any peak in the TGA 

curve, since it does not contain water, and hemihydrate (x = 0.5). After 30 minutes of 

hydration, hemihydrate will be partly or completely converted to gypsum. The peak around 

160 ºC in CX cement will then be due to the decomposition of gypsum and/or hemihydrate. 

The peak around 420 ºC shows the presence of portlandite (CH); the ones around 610 ºC and 

780 ºC represent the decomposition of carbonates (CO2). The peaks over 500 ºC can be 

attributed both to the decomposition of limestone included in the used cements and, for the 
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samples containing LSs, to the decomposition of LSs. No peak ascribable to AFm phases was 

detected. 

The results show that, for IA, the addition of LSs led to additional formation of ettringite and 

reduced amount of gypsum. For DA, in presence of LSs, no remarkable changes in the 

ettringite or gypsum amounts were observed. The LSs addition caused an increase in the 

weight loss in the carbonate region both for IA and DA. Similar trends were observed for both 

cements, even though remarkably more ettringite and fewer sulfates were measured for CX 

cement, which might be linked to the larger amount of C3A in CX cement than in ANL 

cement. 

4 DISCUSSION 

The subject of this paper is to investigate the mechanisms consuming LSs in paste for two 

Portland cements, both for immediate and delayed addition of plasticizer.  From literature the 

potential main mechanisms are: polymer intercalation into early cement hydrates; surface 

multilayer adsorption / complexation between functional groups of the plasticizer and calcium 

ions dissolved in cement pore solution; and monolayer surface adsorption of LSs on cement 

particles and hydrates. Each mechanism will be discussed separately in the following section. 

4.1 Mechanisms of polymer consumption by the cement paste 

4.1.1 Intercalation 

According to, amongst others, Flatt and Houst [9] and Flatt and Ferraris [32], intercalation in 

AFm is generally considered to be the main cause of the difference between the adsorption 

isotherms obtained for IA or for DA. According to the theory, from the moment cement enters 

in contact with water, calcium aluminates start being consumed in AFt formation. In order for 

polymer intercalation to take place, calcium aluminates and polymer must be simultaneously 

available in solution. In case of DA, most hydrated aluminates have already been consumed in 

AFt formation at the time the polymer is added, hence the aluminates will no longer be 

available to form intercalated AFm. 

Zingg et al. [6] formulated an alternative explanation for the difference in polymer 

consumption between IA and DA, which does not include intercalation. They hypothesized 

that, for IA, due to the dispersive effect of the plasticizer, numerous fine ettringite particles 

are floating in the pore solution, providing additional particle surface area for adsorption. On 

the contrary, with DA, the ettringite particles have already precipitated on the C3S surface and 

cannot be redispersed. Hence, there will be no increase in surface area and, consequently, in 

polymer adsorption. However, it must be kept in mind that Zingg et al. did not investigate the 

amount of surface of ettringite which is made available through a change of the initial 

hydration reactions by the addition of the polymer.  

The adsorption isotherms presented in Figure 2a,b displayed a remarkable difference in LSs 

consumption between the isotherm obtained for IA and the one obtained for DA. However, no 

peak corresponding to AFm phase could be detected with TGA, as shown in Figure 4a,b. For 

the materials investigated in this paper, intercalation in AFm seems less likely as a LSs 
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consumption mechanism for the investigated materials and dosages, while the theory of Zingg 

et al. [6] appears more feasible.  

4.1.2 Calcium complexation / multilayer surface adsorption 

In the case that LSs would be consumed in calcium complexes, either in solution or as 

multilayer surface adsorption, the adsorption isotherms would display an increase in LSs 

consumption with the amount of total LSs added, even for LSs dosages over the surface 

saturation value, as calcium is buffered by the cement hydration.  

In this study, the adsorption isotherms of both CaCO3 and Ca(OH)2 reached an adsorption 

plateau, as shown in  Figure 2 b. According to Lide [33], CaCO3 has a solubility of 0.0014 

g/100g in cold water, while Ca(OH)2 of 0.185 g/100g. Because of the negligible release of 

calcium ions by CaCO3, calcium complexation or multilayer adsorption with LSs molecules 

would be limited. The solubility of Ca(OH)2 is about 100 times higher than the one of CaCO3. 

However, also for Ca(OH)2 no calcium complexation or multilayer adsorption with LSs 

molecules seemed to take place. Therefore, the LSs consumed by both CaCO3 and Ca(OH)2 

was most likely entirely due to monolayer adsorption of LSs molecules on the particles 

surface.  

Concerning the two cements, as shown in Figure 2a,b, the isotherm for both ANL and CX 

cement reached an adsorption plateau for DA. As for CaCO3, the main LSs consumption 

seems to be monolayer surface adsorption. For IA, on the contrary, the isotherm of both the 

cements did not reach an adsorption plateau, indicating a continuous polymer uptake by the 

cement paste the more polymer is added. However, the authors assume that, as calcium 

complexation/multilayer adsorption was minor or not existing for both CaCO3 and Ca(OH)2, 

and for the cements in case of DA, also for the cements in case of IA calcium 

complexation/multilayer adsorption should not be a major mechanism behind the LSs 

consumption. 

4.1.3 Monolayer surface adsorption 

In the case that LSs would adsorb as a monolayer onto the cement particles, the adsorption 

isotherms would display a plateau when the entire surface is covered by the polymer, as 

displayed in several studies [5, 19, 34, 35]. This mechanism, monolayer adsorption, can be 

described by the Langmuir model [25]. Since such a plateau is reached by both ANL and CX 

cements when the polymer was added with DA, and considering the above conjectures, it is 

likely that monolayer surface adsorption is the main mechanism of LSs consumption for DA. 

No adsorption plateau was reached when the polymer was added with IA. This might be due 

to different reasons. First, it is possible that the increase in LSs consumption solely occurs due 

to the increase in particle surface area available for adsorption due to cement hydration, as 

displayed in Figure 5. In this case, the only mechanism of LSs consumption would be 

monolayer surface adsorption. Another possibility is that other consumption mechanisms 

were acting in addition to surface adsorption. In order to examine these possibilities, it is first 

necessary to further investigate the effect of the increase of particle surface area with 

hydration on LSs consumption by the cement paste. 
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Finally, as shown in Figure 2a,b, for IA, ANL cement surprisingly consumed more LSs than 

CX cement, even though CX cement contains about three times more C3A than ANL cement 

and has a higher particle surface area. However, several plasticizers were found to adsorb 

nearly to the same extent on C3A and C4AF by Yoshioka et al. [5]. In the materials used in the 

present paper, the total content of aluminate and ferrite phases (cubic and orthorhombic C3A, 

and C4AF) is equal to 16.2 % in ANL and 13.6 % in CX. Based on these facts, it is difficult to 

conclude about the reasons behind the difference in LSs consumption by the two cements 

with IA. As for DA, CX cement, which has a higher particle surface area, consumed more 

plasticizer, as displayed in Figure 2a,b. This might indicate that the amount of surface area 

available for plasticizer interaction is the main parameter governing the LSs consumption for 

DA. 

4.2 The effect of LSs on the increase in particle surface area with hydration 

As displayed in Figure 5, the BET measurements showed an increase in particle surface area 

with hydration, which was influenced both by the plasticizer dosage and by its addition time. 

The increase in surface area was larger for CX than for ANL cement, and greatly larger for IA 

than for DA for both cements. As shown in Figure 6, the influence of the different surface 

area of the two hydrated cements could be eliminated by expressing the results relative to the 

surface area of the hydrated substrate as measured with BET.  

For CX cement, the isotherms obtained with IA and DA nearly coincide, both reaching an 

adsorption plateau. This indicates that the higher LSs consumption by CX cement paste 

measured with IA is mainly due to the larger increase in particle surface area that takes place 

with IA, which, on the contrary, does not take place with DA. Hence, for CX cement, the 

main mechanism for LSs consumption seems to be monolayer surface adsorption for both IA 

and DA.  

Regarding ANL cement, even when expressed relative to the hydrated surface area, the 

adsorption isotherms remain qualitatively similar to those obtained considering the 

unhydrated surface area. Therefore, for ANL cement, monolayer surface adsorption does not 

seem to be the only LSs consumption mechanism for IA. 

Finally, as displayed in Figure 4, when LSs was added to the cement pastes with IA, a higher 

amount of ettringite was formed by both cements compared to the sample without LSs. 

Moreover, as shown in Figure 5, the LSs addition led to an increase in particle surface area. 

The increase was larger for CX cement, which also presented a larger amount of ettringite. 

Therefore, the increase in particle surface area seems to be directly correlated to the increased 

amount of ettringite produced by the cements in presence of LSs. 

5 SUMMARY AND CONCLUSIONS 

The aim of this paper is to obtain a better understanding of the mechanisms for lignosulfonate 

(LSs) consumption by cement paste. This is considered to be crucial to maximize the 

efficiency of the plasticizer. According to literature, the mechanisms behind the consumption 

of a softwood low-sugar calcium lignosulfonate can potentially be: monolayer adsorption, 

intercalation, and calcium complexation/multilayer adsorption. The LSs consumption by two 
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different cements at immediate (IA) and delayed (DA) addition was investigated using UV-

spectroscopy and adsorption isotherms were calculated. The changes in particle surface area 

with hydration were measured with BET. The changes in hydrates due to the addition of LSs 

were examined with TGA. The results obtained for cement pastes were compared to those 

obtained for reference materials (i.e. calcium carbonate, calcium hydroxide). The following 

conclusions were drawn: 

- The presence of LSs in the cement paste led to an additional formation of ettringite for 

IA, while an increase was not detected for DA; 

- An increase in LSs dosage led to an increase in particle surface area after 30 minutes 

of hydration. This increase was considerably higher for IA rather than for DA.  

- Neither AFm nor intercalated AFm were observed. Therefore, intercalation cannot 

explain the differences in LSs consumption observed between IA and DA. 

- The mechanism of LSs consumption seems to be mainly monolayer surface adsorption 

for CX cement (both for IA and for DA), and for ANL cement when DA was applied. 

For ANL, other mechanisms in addition to monolayer surface adsorption appear to 

play a role in LSs consumption when IA is applied. 

6 FUTURE RESEARCH 

In a follow-up study, the effect of LSs on the amount and morphology of ettringite produced 

both for IA and DA will be investigated. A deeper investigation on the mechanisms behind 

LSs consumption in ANL cement for IA will also be considered for future research. 
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Table 1 – Main phases in cement ANL and CX from XRD-Rietveld analysis performed at 

École des Mines d’Alès, France. 
a
: results obtained with TGA analysis 

Phase composition (%wt) ANL CX 

Alite 60.5 54.3 

Belite 14.2 18.8 

Aluminate cubic 1.3 4.7 

Aluminate ortho. 0.9 2.4 

Ferrite 14.0 6.5 

periclase 0.4 1.1 

quartz 0.3 - 

calcite 3.2/ 3.8
 a
 3.6/ 3.7

 a
 

portlandite 1.1/ 1.4
 a
 2.6/ 2.5

 a
 

anhydrite - 2.1 

hemihydrate 2.6 1.8 

gypsum 1.0 - 

arcanite  0.6 

aphthitalite 0.4 0.7 

thenardite - 0.8 

 

Table 2 – Chemical composition of the raw materials given by the producers 

Chemical compound (%wt) ANL CX 

Fe2O3 3.50 2.60 

TiO2 0.22 0.25 

CaO 62.70 64.00 
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K2O 0.40 1.00 

P2O5 0.15 0.23 

SiO2 20.60 20.00 

Al2O3 4.40 4.60 

MgO 1.60 2.40 

Na2O 0.30 0.20 

SO3 3.30 3.60 

LOI (%) 1000 °C 1.6 1.7 

Sum 97.17 98.88 

 

Table 3 - Physical properties of ANL and CX cements performed at École des Mines d’Alès, 

France, or given by the producer (*). 

 ANL CX 

Surface area (BET) (m
2
/kg) 890 1326 

Blaine surface (m
2
/kg) * 360 540 

Density (g/cm
3
) * 3.13 3.09 

d10 (µm) 2.0 2.0 

d50 12.0 10.0 

d90 34.0 26.0 

 

 Table 4 - Chemical and physical properties of the lignosulfonate plasticizer used 

Plasticizer 

type 
Mw 

Org S 

( SO3) 

SO4
2- 

(mass %) 
Ca

2+
 Na COOH φ-OH 

Total 

sugar (%) 

LSs 29000 4.6 0.9 4.6 0.9 7.1 1.4 8.3 

 

Table 5 – Surface area (from BET) of CaCO3 and Ca(OH)2 

 CaCO3 Ca(OH)2 

Surface area (BET) (m
2
/kg) 570 16661 
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Table 6 – Tested samples to obtain adsorption isotherms 

Material 
LSs addition 

procedure 
LSs dosage tested (mass % solid) 

ANL cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.2; 1.5 

DA 0.05; 0.1; 0.25; 0.4; 0.8; 1.2; 1.5 

CX cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.0 

DA 0.05; 0.1; 0.2; 0.4; 0.8; 1.2; 1.5 

CaCO3 IA 0.05; 0.1; 0.2; 0.4; 0.8; 1.0; 1.2; 1.5 

Ca(OH)2 IA 1.0; 2.0; 5.0; 8.0; 12.0; 22.0 

Table 7 – Molecular footprints calculated for the different materials 

Material Added LSs at plateau 

(mass % of binder) 

Consumed LSs at 

plateau 

(mg/m
2
)

Molecular footprint 

(nm
2
)

ANL cement 0.8 – 1.2 0.17 – 0.18 25 

CX cement 1.2 – 1.5 0.15 – 0.16 30 

CaCO3 0.2 – 0.4 0.06 – 0.07 45 

Ca(OH)2 8.0 – 12.0 1.16 – 1.19 70 

Figure 1 - Amount of consumed LSs as % of added LSs vs. hydration time of ANL and CX 

cement pastes with 0.40 mass % of binder LSs 



20 

 

    

Figure 2a, b – Amount of consumed LSs after 30 min. of hydration vs. amount of LSs added to 

neat ANL and CX cements (IA and DA), and to CaCO3*. The results are calculated per mass 

% of binder in fig. 2 a and per unit of surface area available for adsorption of unhydrated 

particles in fig. 2 b. * In Figure 2a, the isotherms of CH is omitted due to the higher LSs 

dosage used for this sample. 

 

 

Figure 3 – Consumed LSs (% LSs dosage) vs. LSs dosage (mass % of binder) for pastes of 

ANL and CX cements where LSs was added both with IA and DA 
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Figure 4 a, b - Thermogravimetric curves and their derivatives for ANL (a) and CX (b) cement 

paste without LSs (black) and with 1.5 mass % of binder LSs (gray)(full line for IA and dotted 

line for DA) for which hydration was stopped after 30 minutes. The peaks corresponding to 

the decomposition of ettringite (ettr.), hemihydrate (CaSO4·0.5H2O) or gypsum 

(CaSO4·2H2O), portlandite (CH) and carbonates (CO2) 

Figure 5 – Surface area of ANL and CX cement particles hydrated for 30 min. both for IA and 

DA vs. the total dosage of LSs added (mass % of binder) 
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Figure 6 - Amount of consumed LSs at 30 min. hydration (calculated as unit of surface area 

of hydrated substrate) vs. amount of LSs added to neat ANL and CX cement (IA and DA) 

(calculated as mass % of binder). For CX cement, the data points for 0.2; 0.4; 1.2 mass % of 

binder LSs (IA/DA) were calculated with interpolation and were not experimentally measured 
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ABSTRACT 

The effect of softwood calcium lignosulfonate, LSs, on the rheology and setting time of 

cement paste has been investigated. Two Portland cements with different surface area and 

C3A content were used. The lignosulfonate was added either immediately with the mixing 

water or delayed after 10 minutes of hydration. The cement pastes were characterized in terms 

of specific surface, rheology and heat of hydration. Extracted pore solutions were analysed for 

free lignosulfonate concentration and for changes in elemental composition. Immediate 

addition of LSs increased the specific surface, but not delayed addition. Correlations were 

found between rheology and surface coverage by LSs, as determined by adsorption isotherms, 

and between the setting time and the amount of free LSs in the pore solution. An increased 

setting retardation upon delayed addition related to an increased concentration of Al in the 

pore solution. 

KEYWORDS 

Lignosulfonate; admixture; rheology; setting retardation; adsorption 

 

INTRODUCTION 

Water-reducers, or plasticizers, are commonly used admixtures for concrete. Their addition to 

fresh concrete allows obtaining highly fluid concrete at low water-binder ratios, improving the 

mechanical properties and the durability of the hardened concrete. The plasticizer used in this 

paper is a low-sugar softwood calcium lignosulfonate (LSs), commonly used in concrete in 

dosages 0.25-0.40 mass % of binder. Lignosulfonates are polyelectrolytes derived from 

lignins in the pulping industry. Lignin can be derived from various sources of biomass, and 

lignosulfonates of different molecular weight and amount of functional groups (carboxyl 

groups, phenolic-OH, sulfonic groups) can be produced.  

The dispersing effectiveness of plasticizers on cementitious materials is, amongst others, a 

function of the degree of adsorption on the surface of the cement grains and hydrates. The 

adsorbed plasticizer layer renders the particle surface negatively charged, i.e. with a negative 

zeta potential. As negatively charged particles approach each other, electrostatic repulsion 



 

 

prevents them from forming agglomerates. Additionally, in the case of synthetic 

polycarboxylic ethers, or simply branched molecules as in the case of lignosulphonate, side 

chains stretching out from the polymer backbone hinder particles to get close enough to form 

agglomerates (steric hindrance) [1]. 

In addition to dispersion, the interaction between cement and plasticizer can potentially lead 

to retardation of the setting time of the cement paste. Several mechanisms of retardation are 

hypothesized in the literature, the main ones being: calcium complexation, nucleation 

poisoning of hydrates, surface adsorption on anhydrates, and semipermeable layer [2-5]. 

Calcium complexation involves the interaction between plasticizing polymers and calcium 

ions in the pore solution. This would slow down the build-up of calcium supersaturation 

needed for hydrates nucleation. However, according to Bishop et al. [2], and Marchon and 

Flatt [4], amongst others, the low dosages of plasticizers generally used limit the amount of 

calcium potentially complexed. Thus, calcium complexation does not appear likely as a main 

mechanism of setting retardation of cement. As stated by Thomas and Birchall [6] amongst 

others, retardation by nucleation poisoning of hydrates is where the plasticizer poisons the 

nuclei of CH and C-S-H and prevents their growth by adsorbing onto nuclei or particles. 

Moreover, plasticizers could increase cement solubility, thus allowing ions to coexist in 

solution at much higher concentrations without causing precipitation, thus prolonging the 

cement induction period [6]. In a related manner, the direct adsorption of plasticizers on the 

surface of both anhydrous and hydrated phases could hinder further reactions with water [2]. 

Plasticizer adsorbed at the surface of partially hydrated cement grains could also form a 

semipermeable layer slowing down the migration of water and lengthening the induction 

period. Eventually, water penetrating by osmosis to the unhydrated cement surface could 

create a high pressure inside the coating, making it burst and allow hydration to continue [2]. 

Juilland et al. [7], amongst others, considered the latter theory to be unlikely, since no 

experimental evidence has been found to support it. In conclusion, the mechanisms that most 

likely retard the cement setting appear to be related to the plasticizers poisoning the nuclei of 

CH and C-S-H, modifying hydrates growth, or adsorbing on the surface of hydrated and 

unhydrated cement particles, thus hindering further contact with water.  

As other plasticizers, lignosulfonate is known to have a retarding effect on cement hydration 

[8-10]. The sugars naturally contained in lignin contribute to longer setting times of cement, 

in particular the hexoses, which, however, can be removed by fermentation in low-sugar 

lignosulfonates. Several studies concluded that the addition of calcium lignosulfonate changes 

the hydration of C3S and C3A [10-15]. According to Ramachandran [14], a strongly surface-

bound calcium lignosulfonate complex could be detected for both C3A and C3S, which could 

cause retardation of C3A and C3S hydration. In another paper [11], Ramachandran stated that 

the retardation effect of calcium lignosulfonate depends on  its concentration in solution and 

not on its proportion with respect to C3S. C3S hydration was delayed in proportion to the 

concentration, and it practically stopped for concentrations above 3 g/l of water. On the 

contrary, C3S hydration was found to speed up for lignosulfonate concentrations under 1 g/l of 

water. Monosi et al. [12] found that, in a C3A-C3S system, the addition of calcium 

lignosulfonate led to a strong retardation in C3S hydration, while C3A hydration was slightly 

accelerated. The retardation in the C3A-C3S system was lower than that in pure C3S systems. 



In fact, the lignosulfonate adsorption by C3A decreases the concentration of polymer available 

to retard the C3S hydration. Moreover, the arrest in C3S hydration is partially counterbalanced 

by the increase in rate of hydration of C3A, as stated by Collepardi et al. [13]. In conclusion, 

lignosulfonate was found to retard C3S hydration [10, 14] depending on its concentration in 

the pore solution [11]. C3A hydration was found to be retarded by lignosulfonate by some 

authors [10, 14, 15], while not retarded [16] or slightly accelerated [12, 13] by other authors. 

As described by e.g. Flatt and Houst [17], the addition time of the plasticizer to the cement 

paste greatly affects the amount of plasticizer consumed by the cement paste and the extent of 

retardation. Several studies, amongst others Uchikawa et al. [18], Chiocchio and Paolini [19], 

Aiad et al. [20], found that, at equal plasticizer dosage, the flow of cement paste prepared by 

delayed addition is higher than that of cement paste prepared by immediate addition. 

Moreover, the setting is further retarded in case of DA. Chiocchio and Paolini [19] found that 

the optimum addition time of plasticizer to achieve the maximum workability corresponds to 

the beginning of the dormant period of the cement hydration without admixture. Hot [21], 

Hsu et al. [22], and Aiad [23] found that the optimum addition time was between 10 and 15 

minutes after water addition. 

The rheological behavior of fresh cementitious materials is generally characterized by yield 

stress (τ) and viscosity (µ). As described by e.g. Roussel et al. [24], the yield stress 

corresponds to the energy needed to break down a network of interaction between particles in 

a cementitious system. Its origin lays in colloidal and contact interactions between particles. 

Viscosity results from hydrodynamic, colloidal and contact forces involved in the motion of 

the suspended cement grains. The yield stress is often considered as the most relevant 

parameter to describe workability and the ability of a material to properly fill a mold under its 

own weight. However, the viscosity also seems to be a very relevant parameter to describe 

cement or concrete workability, especially for systems with low water-binder ratio [25, 26]. 

Plasticizing admixtures can change both yield stress and viscosity by adsorbing on cement 

particles and changing the flocculation state of cement paste [26].  

The subject of this paper is to investigate the effect of LSs on the rheological properties and 

setting time of two Portland cements with different physical and chemical properties (e.g. 

surface area, C3A content). The samples were studied both by adding the lignosulfonate 

immediately with the mixing water (IA) and by adding it after 10 minutes hydration (DA). 

The results were compared to the adsorption isotherms presented in a previous paper by the 

same authors [27]. The amount of polymer consumed by the cement paste was related to the 

changes in rheological properties and hydration kinetics of the cement pastes due to LSs 

addition. Changes in the surface area of the hydrated cement particles were investigated by 

BET. The elemental composition of the pore solution extracted from the cement paste 

samples was analysed with ICP-MS. The results of this paper will contribute to a deeper 

understanding on the physical and chemical mechanisms behind the changes in rheological 

properties and setting time of cement paste with lignosulfonate. 



 

 

1. EXPERIMENTAL 

2.1 Materials 

The experiments were performed on two different cements: a CEM I 52.5 N (ANL) and a 

CEM I 52.5 R (CX), as defined in the European standard EN197-1. The content of the main 

clinker phases of the cements quantified by XRD Rietveld, according to the technique 

described in [28], are given in Table 1. The chemical composition of the cements determined 

by XRF and the loss of ignition at 950 ºC are reported in Table 2. The particle size 

distribution (d10, d50, d90), Blaine and BET surface area, and density are given in Table 3.  

A sugar-reduced softwood calcium lignosulfonate (LSs) was used as plasticizer. Its mass 

weighted molecular weight (Mw), as measured with gel permeation chromatography (GPC), 

was 29000 g/mol and the number weighted molecular weight (Mn) was 2100 g/mol, giving 

broad molar-mass dispersity (ĐM) equal to 13.8. The molar-mass dispersity, also called 

polydispersity index, is defined as the ratio between Mw and Mn [29]. Additional physical and 

chemical properties of the lignosulfonate are listed in Table 4. For the lignosulfonate used in 

the present investigation, the sugars were removed from the polymer molecule by 

fermentation and resulting alcohol by distillation. The LSs was dissolved in deionised water 

to concentrations varying from 1 to 45 % to ease dosing, and the water content was included 

in the calculation of the water-to-binder ratio (w/b).  

2.2 Sample preparation 

About 300 g cement was mixed with deionised water and/or lignosulfonate solution in a high-

shear MR530 by Braun mixer at intensity 6 obtaining a paste with w/b = 0.4. A cement paste 

volume of about 200 ml was mixed for all the cement pastes. In order to investigate the effect 

of the time of addition of lignosulfonate, two different mixing procedures were applied: 

immediate addition of LSs with the mixing water (IA) and delayed addition of LSs after 10 

minutes of hydration (DA).  

For IA, the binder was mixed with deionised water (and/or lignosulfonate diluted in deionised 

water) according to the procedure used by Vikan [30]: 30 seconds mixing, scraping the mixer 

walls to homogenize the mix, 5 minutes resting and 1 minute mixing.  

For DA, the binder and 85% of the water were mixed according to the following mixing 

procedure: 30 seconds mixing, scraping the mixer walls to homogenize the mix, 10 minutes 

resting (delay time chosen according to several studies in literature [19, 21-23]). LSs diluted 

in the remaining 15% of the needed water were then added to the mix, which was mixed for 1 

minute. 

2.3 Methods 

2.3.1 Rheological measurements 

The rheological properties were measured with a Physica MCR 300 rheometer using parallel 

plates with serrated surfaces of 150 µm depth. The radius of the plates was 30 mm and the 

gap between the plates was set to 1 mm. The bottom plate or stator was kept at a constant 

temperature of 20 ºC. Some drops of deionized water were put in the water trap located on the 



 

 

upper plate or rotor and an enclosure was used to limit evaporation of water from the paste 

sample during the measurement. 

After the mixing sequence (as described in paragraph 2.2), about 2.5 ml of cement paste was 

placed on the bottom plate of the rheometer, and the rheological measurement was started 10 

minutes after water addition. Up-down flow curves were measured at 10, 20 and 30 minutes 

of hydration. For the samples to which the plasticizer was added at 10 minutes hydration 

(DA), the first flow curve was measured at 12 minutes of hydration instead of 10 minutes. 

Before every measuring cycle, the paste was stirred for 30 seconds at the constant shear rate 

of 60 s
-1

. The measuring sequence, described in Table 5, allowed measuring the shear stress of 

cement paste as the shear rate increased from 0 to 60 s
-1

 (up flow curve) or decreased from 60 

to 0 s
-1

 (down flow curve). 

The flow curves generally showed a pronounced shear-thinning behavior. The Bingham 

model was applied to the second part of the down flow curve, obtained for shear rate between 

26 and 60 s
-1

. The linear fitting of this flow-curve segment allowed the calculation of the 

static yield stress, τ0, as the extrapolated intercept with the ordinate, and of the plastic 

viscosity, µp, as the slope of the linear fit. 

2.3.1 Isothermal calorimetry 

Isothermal calorimetry was carried out at 20˚C in a TAM Air eight-channel isothermal 

calorimeter produced by Thermometric AB. The evolution in time of the heat of hydration of 

ANL and CX cements was measured for different dosages of LSs and both for IA and DA of 

plasticizer. The samples were prepared as described in paragraph 2.2. After mixing, about 6 g 

cement paste was placed in a 20 ml glass ampoule, which was sealed and placed in the 

calorimeter. The heat of hydration was recorded for 60 hours.  

2.3.2 UV-spectroscopy 

UV-spectroscopy allowed measuring the LSs concentration in the extracted pore solution 

from the cement paste samples.  

After mixing according to section 2.2, about 35 ml paste was poured in 50 ml plastic 

centrifuge tubes and let to rest until the chosen analysis time. The pore solution was extracted 

from the cement paste by centrifuging the samples in a Heraeus Megafuge 8 centrifuge by 

Thermo Scientific for 3 minutes at the speed of 4500 rpm. The supernatant pore solution was 

extracted and filtered with 0.45 µm syringe filters. The pore solution was analysed with a 

Genesys 10S UV-spectrophotometer by Thermo Scientific. Wavelengths in the range 280-284 

nm had been reported in literature to study the adsorption of lignosulfonate on cement 

particles [18, 30-33]. After scanning at several wavelengths, 281 nm was chosen as the most 

suitable wavelength to analyse the samples in this study.  

Initially, the free plasticizer in the pore solution extracted from the cement paste was 

measured by UV-spectroscopy at increasing hydration time (from 5 to 120 minutes 

hydration). It was found that at 10 minutes hydration the LSs uptake reached an equilibrium 

value. All the samples were then analysed at 30 minutes hydration. 



 

 

With the help of a calibration curve, obtained measuring the absorbance of solutions of 

different concentrations of LSs in deionised water, the amount of free plasticizer (g LS/100 g 

solution) could be determined. This amount was related to the amount of binder in the sample 

(g LS/100 g binder). The LSs consumed by the investigated systems was then calculated by 

subtracting the amount of free LSs from the total amount of LSs added to the sample, as 

displayed in equation 1:  

LSs consumed = LSs total - LSs free         (1) 

Polymer adsorption by a solid is usually described using isotherms, in which the amount of 

polymer adsorbed is plotted against the total amount of polymer added to the system [34]. The 

shape of an isotherm is largely determined by the adsorption mechanism. In this study, the 

isotherms were drawn relating the amount of LSs consumed by the cement paste to the 

amount of total LSs added to the sample. 

2.3.3 Solvent exchange 

A solvent exchange procedure with isopropanol was used to stop the hydration of the cement 

paste after 30 minutes of hydration. 

About 5 ml of cement paste was transferred in a 50 ml centrifuge tube and centrifuged for 1 

minute at 2000 rpm. The supernatant was removed. About 40 ml of isopropanol was poured in 

the centrifuge tube. The tube was shaken for 30 seconds and let to rest for 5 minutes. The 

sample was centrifuged again for 1 minute at 2000 rpm and the supernatant liquid was 

removed. The solvent exchange procedure with isopropanol was repeated once, followed by a 

final solvent exchange with 10 ml of petroleum ether. The resulting paste was let to dry for 2 

days in a desiccator over silica gel, and soda lime to minimize carbonation. After drying, the 

samples were ground to powder and homogenized in a porcelain mortar and stored in sealed 

containers in a desiccator over silica gel and soda lime until analysis. 

2.3.4 BET of hydrated cement pastes 

The BET measurements were performed using a Tristar II Plus by Micromeritics on cement 

paste samples of which the hydration was stopped with the solvent exchange procedure. The 

measurements were performed purging the samples with nitrogen. The samples were 

degassed in vacuum before the measurement, and the measurement was performed at 20 ºC. 

2.3.5 ICP-MS of pore solution 

ICP–MS (inductively-coupled plasma mass spectrometry) was used to determine the 

elemental concentration of Al, Ca, Fe, K, Na, S and Si in the pore solution extracted from the 

cement paste. The pore solution was extracted from ANL and CX cement pastes with 0, 0.8, 

1.5 mass % LSs mixed both with IA and DA. The solution was filtered with the same 

procedure used for UV-spectroscopy (paragraph 2.3.2) and acidified prior to analysis by 

adding 1:1 by volume of 1:10 diluted HNO3. 



3 RESULTS 

3.3 Rheological properties 

The rheology of ANL and CX cement pastes was measured at 10 (12), 20 and 30 minutes of 

hydration with increasing dosages of LSs (0/0.4/0.8/1.5 mass % binder LSs for IA and 

0/0.1/0.2/0.4 mass % binder for DA). The results at 10 (12 for DA) and 30 minutes hydration 

are shown in Figure 1 and in Figure 2, respectively, displaying the variation of normalized 

yield stress and plastic viscosity as the dosage of LSs increases, both for IA and DA. The 

normalized yield stress was obtained by dividing the yield stress of samples with increasing 

LSs dosage by the yield stress of the reference sample (without LSs). The normalized 

viscosity was calculated according to the same principle.  

Increasing LSs dosage reduced both the yield stress and the viscosity of both cements both at 

10 and 30 minutes of hydration, except for CX cement for IA after 30 minutes of hydration. 

The reduction was achieved for considerably lower LSs dosages for DA compared to IA. Less 

than one third LSs dosage was needed to reach the same drop in yield stress and viscosity for 

DA compared to IA. Regarding CX cement, a nearly constant yield stress and a remarkable 

increase in viscosity were measured for IA after 30 minutes of hydration with increasing LSs 

dosages.  

Generally, a drop in yield stress would indicate LSs saturation in the cementitious system. In 

this study, a clear drop in yield stress was detected for DA for a LSs dosage between 0.10 and 

0.25 mass % for ANL cement, and between 0.25 and 0.50 mass % for CX cement. No clear 

drop in yield stress was measured for IA. After 10 minutes of hydration, the yield stress 

decreased gradually for both cements. After 30 minutes of hydration, the yield stress showed 

a gradual decrease for ANL cement, while it remained nearly constant for CX cement. 

The results from the rheological measurements are also presented in terms of flow resistance, 

as defined by Vikan et al. in [35]. This value is calculated as the area under the entire flow 

curve (shear rate from 1 to 60 s
-1

), and it represents the power necessary to make a certain

volume of sample flow at a chosen shear rate range (W/m
3
 or kPa/s). The smaller the area

under the flow curve is, the less power is required to make the sample flow. The results are 

shown in Figure 3. The results presented in Figure 3 seem to agree with the ones presented in 

Figure 1 and in Figure 2, considering that slightly different regions of the flow curves were 

used to calculate the parameters.  

Surprisingly, the yield stress of CX cement with 0.25 mass % LSs mixed with DA was higher 

than in the sample without LSs. However, with the same LSs dosage, the viscosity was found 

to decrease, and all the other conditions in the cement paste system were similar. 

Additionally, the flow resistance obtained for the same data point did not show the same 

increase as the yield stress did. Therefore, the authors assume that the higher yield stress for 

this data point was most likely due to an error of measurement or to an artifact of the fitting 

method.  



3.4 Setting time 

The effect of the LSs dosage and of its addition time on the rate of hydration and setting time 

of ANL and CX cement pastes can be observed in the calorimetric curves in Figure 4 for IA, 

and in Figure 5 for DA. Based on the definition given by the ASTM standard C1679-14 [36], 

the setting time was identified as the time to reach half of the average maximum power of the 

main hydration peak in the calorimetric curve. The silicates and aluminates peaks are marked 

with different symbols in corresponding grey shade of the respective calorimetric curve. 

In the reference samples without LSs, after the initial peak of hydration, which takes place 

almost immediately after the contact of cement with water, two peaks could be observed: first, 

the peak corresponding to hydration reaction of the silicate phases (mainly C3S), followed by 

a peak related to sulfate depletion and hydration reactions of the aluminate phases. Both the 

silicates and the aluminates peak were delayed by LSs addition in both cement pastes both 

when mixed with IA and with DA. In general, increasing LSs dosages caused a larger 

retardation of the silicates peak compared to the aluminates one. The two peaks even merged 

in most samples with the higher LSs dosages analyzed.  

Moreover, for the same LSs dosage, DA resulted in a larger retardation of both peaks 

compared to IA. CX cement paste showed a lower retardation than ANL cement paste both 

for IA and DA. The doubling of the LSs dosage led to a setting retardation between 1.5 and 

2.5 times higher for CX cement, and between 4 and 5 times higher for ANL cement.  

3.5 Concentration of aluminum ions in the pore solution 

The elemental concentration of Al, Ca, Fe, Si and S in the pore solution extracted from ANL 

and CX cement pastes after 30 minutes of hydration was determined with ICP-MS. The LSs 

dosages tested were 0.8 and 1.5 mass % LSs both for IA and DA. Additionally, a reference 

sample without LSs was measured. Moreover, the content in Al, Ca, Fe, Si and S was also 

measured for two LSs solutions in artificial pore solution. The two solutions, containing 2.0 

and 3.7 mass % LSs, were the ones used in the cement samples with 0.8 and 1.5 mass % LSs, 

respectively. The artificial pore solution was a solution of NaOH and KOH with K/Na molar 

ratio equal to 2 and measured pH of 12.9. The results from ICP-MS are shown in Figure 6 and 

reported in Table 7.  

The samples mixed with DA showed an increase in Al, Fe and Si concentration in the pore 

solution as the LSs dosage increased. The increase was considerably larger for ANL cement 

than for CX cement. On the contrary, only a minor increase was measured for the samples 

mixed with IA. 

3.6 Adsorption isotherms 

The adsorption isotherms obtained for ANL and CX cement pastes were achieved by plotting 

the amount of consumed LSs after 30 minutes of hydration versus the total amount of LSs 

added. The tested dosages are given in Table 6. For CX cement it was not possible to extract 

pore solution at LSs dosages over 1.0 mass % due to paste hardening after 30 minutes 

hydration. The LSs was added to the cement paste either immediately together with the 

mixing water (IA), or after 10 minutes hydration (DA). The results per mass % binder and 

their fitting according to the Langmuir model [34] are presented in Figure 7. 



 

 

Figure 7 shows that the cement pastes displayed similar LSs consumption at low LSs dosage 

(up to about 0.25 mass % LSs) independent of the time of LSs addition. At higher dosage, the 

curves obtained for IA differ from those obtained for DA.  

For IA, no adsorption plateau could be detected within the tested range, neither for ANL nor 

for CX cement. The isotherms’ shape indicated an increasing LSs consumption as more LSs 

was added to the mix.  

For DA, an adsorption plateau was found for both cements. The DA isotherms displayed a 

considerably lower amount of LSs consumed by the cement pastes compared to the IA 

isotherms. The adsorption plateau was reached for a total LSs amount between 0.8 and 1.2 

mass % for ANL cement, and between 1.2 and 1.5 mass % for CX cement. The authors 

assume the plateau to be due to the achievement of full monolayer surface coverage [27].  

3.7 BET of hydrated cement pastes 

The BET surface area was measured on ANL and CX cement pastes with varying LSs 

amounts after 30 minutes of hydration. The hydration was stopped by solvent exchange, as 

described in paragraph 2.3.3. The results are shown in Figure 8.  

For both cements the surface area was found to increase as the dosage of plasticizer added to 

the cement paste increased. The increase in surface area was remarkably larger for IA 

compared to DA, and, for IA, for CX cement compared to ANL cement. 

4 DISCUSSION 

4.1 LSs consumption and changes in surface area 

The adsorption isotherms shown in Figure 7 display a higher LSs consumption for IA than for 

DA.  

In a previous article [27], the authors investigated the interactions between LSs and two 

Portland cements (the same as those used in the present paper). It was found that the LSs 

consumption mechanisms were different for the two cements used and for the two addition 

methods.  

For DA, both cements’ adsorption isotherms showed a plateau. According to the theory 

reported in [34], the achievement of a plateau in an adsorption isotherm corresponds to 

saturation of the available surface for adsorption. Therefore, the LSs consumption was 

considered to be mainly due to monolayer surface adsorption on the surface of cement 

particles and hydrates.  

For IA, an increase in LSs dosage was found to cause additional ettringite formation and an 

increase in surface area of both cements after 30 minutes of hydration, to a larger extent for 

CX cement compared to ANL cement. On the contrary, this was not observed when the 

cements were mixed with DA [27]. 

The two cements displayed different LSs consumption mechanisms for IA. For CX cement, a 

large increase in ettringite formation and surface area (see Figure 8) led to a high LSs 



 

 

consumption [27]. No surface saturation plateau was reached, which was explained by the 

continuous increase in surface available for adsorption for the LSs dosages investigated. 

Monolayer surface adsorption on the surface of cement particles and hydrates was identified 

as the dominating LSs consumption mechanism for CX cement [27]. For ANL cement, the 

adsorption isotherm also showed a high LSs consumption without reaching an adsorption 

plateau. Since the amount of formed ettringite and the surface area increased only moderately 

compared to CX cement (see Figure 8), other polymer consumption mechanisms might have 

played a role for ANL cement in addition to surface adsorption. 

Finally, in the same paper [27], no AFm could be detected by TGA for the investigated 

materials. Therefore, intercalation in AFm, as proposed, amongst others, by Flatt and Houst 

[17], does not appear as a feasible LSs consumption mechanism for the investigated materials 

and dosages. 

4.2 Rheological properties 

The obtained rheological results indicate that the addition of lignosulfonate generally 

improved the workability of cement paste after 10, 20 and 30 minutes of hydration, 

decreasing both the yield stress and the viscosity. As an exception to this general trend, after 

30 minutes of hydration, CX cement mixed with IA did not show changes in the yield stress 

with increasing LSs dosage, while its viscosity increased about 50 %. In general, the 

improvement in workability was remarkably larger when the samples were mixed with DA 

compared to IA.  

When evaluating the rheological results in light of the adsorption isotherms shown in Figure 

7, it appears that a clear drop in yield stress was observed solely for the samples which 

reached an adsorption plateau. The samples that did not reach an adsorption plateau showed a 

more gradual decrease in yield stress, as for ANL cement, or no decrease at all, as for CX 

cement. A correlation between the achievement of surface coverage and a drop in yield stress 

seems to exist. Indeed, as shown in Figure 7, the isotherms obtained for DA started differing 

from those obtained for IA, and showing the tendency to reach an adsorption plateau, for LSs 

dosages over about 0.25 mass %. As shown in Figure 1 and in Figure 2, for DA, a drop in 

yield stress was measured for LSs dosages between 0.10 and 0.25 mass % LSs for ANL 

cement, and between 0.25 and 0.40 mass % LSs for CX cement. Thus, the rheological 

behavior seems to relate to the degree of LSs coverage of the available surface. 

As shown in [27],  the TGA measurements performed on ANL and CX cements displayed 

that 1.5 mass % LSs added with IA led to an increase in the amount of bound water after 30 

minutes of hydration, compared to the respective samples without LSs. This was explained by 

an increased amount of ettringite, which also is reflected in a higher surface area, as measured 

with BET (see Figure 8). For CX cement, the unexpected lack of any decrease in yield stress 

and the increase in viscosity at 30 minutes of hydration, as displayed in Figure 2 b, are 

therefore most likely due to the high amount of ettringite formed. A production of large 

amounts of ettringite was found to cause slump loss by, amongst others, Hanehara and 

Yamada [37]. The increase in amount of ettringite was larger for CX than for ANL cement. 



 

 

Accordingly, CX cement displayed a larger reduction in workability compared to ANL 

cement.  

Moreover, the initial yield stress (without LSs) was remarkably higher for CX than for ANL 

cement paste. This is most likely due both to the higher content of C3A in CX cement and to 

the smaller particle size of the CX cement, leading to higher surface area available to interact 

with water and plasticizer, and thus higher reactivity. 

4.3 Setting time 

The setting retardation was calculated as the setting time measured with calorimetry, from 

which the setting time of the sample without LSs was subtracted. In Figure 9 a and b the 

setting retardation is related to the amount of total and free LSs, respectively. 

For DA, total LSs dosages higher than about 0.25 mass % led to a major setting retardation 

(see Figure 9a). For IA, a more gradual increase in setting time was measured as the LSs 

added increased. Both for IA and for DA, the setting retardation was higher for ANL than for 

CX cement.  

The results shown in Figure 9b indicate correlations between the setting retardation and the 

amount of free LSs in the pore solution. For LSs dosages over about 0.25 mass %, any 

increase in free LSs corresponded to a large increase in setting retardation, especially for 

samples mixed with DA. Over this dosage, the samples mixed with DA also displayed a drop 

in yield stress, as discussed in paragraph 4.2 and showed in Figure 1 and in Figure 2. These 

results seem to agree with the conclusions of Yamada et al. [38], who stated a progressive 

increase in setting time with a higher concentration of free sulfonic and carboxylic groups in 

the aqueous phase.  

At equal amount of free LSs in the pore solution, a higher setting retardation was measured 

for ANL cement than for CX cement. The setting retardation was higher for DA than for IA. 

This might be due to several reasons: 

First, in a previous paper [27], increasing LSs dosages added with IA were found to increase 

the amount of ettringite formed in cement paste. The increase as measured with TGA was 

larger for CX cement compared to ANL cement, and for IA compared to DA. An increased 

initial ettringite formation due to LSs addition with IA was also reported by Danner et al. 

[39]. In another paper, Danner et al. [40] found that Ca-LSs added with IA to a C3A-gypsum 

system led to changes in the ettringite morphology, which appeared as wider, shorter and 

more rounded crystals. According to Zingg et al. [41], the smaller cubic ettringite crystals can 

be finely dispersed by the plasticizer, providing additional nucleation surface. In the present 

paper, the possible formation of a larger amount of smaller and more compact ettringite 

crystals could lead to the lower setting retardation measured for CX cement compared to ANL 

cement, and for IA compared to DA because of the additional nucleation surface. 

As shown in Figure 4 and Figure 5, increasing LSs dosages led to larger retardation of the 

silicate peak compared to the aluminate one, causing the two peaks to merge in most samples 

with the higher LSs dosages analyzed. Similar observations were made in several studies [42-



 

 

45], in which it was even observed that the aluminate peak could occur earlier than the silicate 

one upon high plasticizer dosages. This might lead to poison of C3S hydration and 

uncontrolled delay of setting. This is a commonly known phenomenon leading to 

incompatibility issues between plasticizer and cement. In light of the results reported in the 

present article, the smaller retardation of the C3A peak compared to the C3S one, or even the 

occurrence of the aluminate peak before the silicate one, might be partially explained by the 

enhanced precipitation of ettringite within the first 30 minutes of hydration, which could lead 

to a faster consumption of sulfates, thus to an earlier sulfate depletion point. 

Regarding the difference in setting retardation between the two cements, Pourchet et al. [46] 

found that the sulfate type used modified the early C3A-CaSO4 hydrates and their rate of 

formation. The substitution of gypsum with hemihydrate increased the rate of ettringite 

formation during the first five hours of hydration. The difference in sulfate type between ANL 

and CX cements (gypsum and hemihydrate for ANL cement, hemihydrate and anhydrite for 

CX cement) could then be one of the reasons why more ettringite was formed in CX cement 

than in ANL cement. Moreover, the higher content in C3A of CX cement and its smaller 

particle size could allow a higher amount of C3A to enter in contact with water, favouring the 

production of ettringite compared to ANL cement.  

Finally, aluminum ions dissolved in the pore solution appeared to negatively impact the C3S 

hydration, both by increasing its induction period [47, 48], and by reducing the extent of its 

hydration [49]. The results from ICP-MS, displayed in Figure 6, showed that an increased 

concentration of Al was measured in the pore solution of both cements solely when mixed 

with DA. The Al concentration was higher for ANL than for CX cement. One of the 

hypothesized explanations for the retarding effect of Al on C3S reaction is the substitution of 

some silicates by the Al ions with consequent formation of C-A-S-H instead of C-S-H. Since 

the first C-A-S-H nuclei do not grow nor support hydrates nucleation as C-S-H does, the C3S 

induction period is extended [50]. Another possible explanation was given by Nicoleau et al. 

[51], who found that Al ions covalently bind to the silicates on the C3S surface, strongly 

inhibiting C3S dissolution. The poisoning of C3S by Al ions, with consequent delay in C3S 

hydration, appears then to be a feasible explanation for the increased setting retardation 

measured for DA compared to IA.  

5 CONCLUSIONS 

The aim of this paper was to obtain a better understanding of the effects of calcium 

lignosulfonate (LSs) on the rheology and setting time of Portland cement pastes. Two 

Portland cements mainly differing in surface area and C3A content were used. The LSs was 

either added immediately with the mixing water (IA), or delayed after 10 minutes of hydration 

(DA). The following conclusions were drawn: 

- The rheological behavior relates to the degree of LSs coverage of the available surface 

for adsorption. A drop in yield stress and viscosity was measured for the cement pastes 

that reached an adsorption plateau, as observed for DA. Samples which did not reach 



 

 

surface saturation showed a more gradual improvement in workability, as observed for 

IA. 

- An increased formation of ettringite, which was observed with elevated LSs dosages 

for IA, might lead to early hardening of the cement paste. 

- The setting behavior appears to relate to the amount of free LSs in the pore solution. 

-  The difference in setting retardation between IA and DA might be related to the 

amount of ettringite formed in the system. Indeed: 

o The ettringite might supply additional surface area, which increase the amount 

of LSs consumed by monolayer adsorption. The consequent reduced amount of 

free LSs in the pore solution was reflected in a lower setting retardation.  

o Enhanced ettringite formation might supply additional nucleation surface, thus 

reducing the setting retardation when compared to a reference sample without 

LSs. 

o Increased ettringite precipitation could lead to a faster consumption of sulfates, 

thus to an earlier sulfate depletion. 

o Increased ettringite formation resulted in less Al dissolved in the pore solution 

and available to interact and retard the C3S hydration. 

6 FUTURE RESEARCH 

In a follow-up study, the effect of LSs on the amount and morphology of ettringite and other 

early cement hydrates produced both for IA and DA will be investigated. The effect of LSs on 

the hydrates formed in the hardened cement paste will also be considered for future research. 
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Notation 

ANL Anlegg cement (CEM I 52.5 N) 

CX Cemex cement (CEM I 52.5 R) 

DA delayed addition of plasticizer (10 min) 

IA immediate addition of plasticizer 

LSs softwood low-sugar Ca-lignosulfonate 

OPC ordinary Portland cement 

w/b water-binder ratio 

�̇� shear rate 

τ shear stress 

µ viscosity 



 

 

-COOH  carboxyl group 

φ-OH  phenolic OH-group 
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Table 1 – Main phases in cement ANL and CX from XRD-Rietveld analysis  
a
: results 

obtained with TGA analysis 

Phase composition (mass %) ANL CX 

Alite 60.5 54.3 

Belite 14.2 18.8 

Aluminate cubic 1.3 4.7 

Aluminate orthorhombic 0.9 2.4 

Ferrite 14.0 6.5 

Periclase 0.4 1.1 

Quartz 0.3 - 

Calcite 3.2/ 3.8
 a
 3.6/ 3.7

 a
 

Portlandite 1.1/ 1.4
 a
 2.6/ 2.5

 a
 

Anhydrite - 2.1 

Hemihydrate 2.6 1.8 

Gypsum 1.0 - 

Arcanite  0.6 

Aphthitalite 0.4 0.7 

Thenardite - 0.8 

 

Table 2 – Chemical composition of the cements given by the producers 

Chemical compound (mass %) ANL CX 

CaO 62.7 64.0 

SiO2 20.6 20.0 

Al2O3 4.4 4.6 

Fe2O3 3.5 2.6 

SO3 3.3 3.6 

MgO 1.6 2.4 

K2O 0.4 1.0 



 

 

Na2O 0.3 0.2 

TiO2 0.2 0.2 

P2O5 0.2 0.2 

LOI (%) 1000 °C 1.6 1.7 

Sum 97.2 98.9 

 

Table 3 - Physical properties of ANL and CX cements 

 ANL CX 

Surface area (BET) (m
2
/kg) 890 1330 

Blaine surface (m
2
/kg)  360 540 

Density (g/cm
3
)  3.1 3.1 

d10 (µm) 2.0 2.0 

d50 (μm) 12.0 10.0 

d90 (μm) 34.0 26.0 

 

Table 4 - Chemical and physical properties of LSs 

Mw g/mol 

g/mol 

29000 

Mn 2100 

Organic S ( SO3) mass % 

mass % 

mass % 

mass % 

mass % 

mass % 

mass % 

4.6 

SO4
2-

 0.9 

Ca
2+

 4.6 

Na
+
 0.9 

-COOH 7.1 

φ-OH 1.4 

Total sugar 8.3 

 

 

 

 

 

 



 

 

Table 5 – Sequence for rheology measurements 

  

Duration Cumulative duration 

  

(s) (min) 

1 Stir up at �̇� = 60 1/s 30 0.5 

2 Rest 30 1.0 

3 
Flow curve up, linear sweep �̇� from 0 to 60 1/s 

in 20 steps lasting 5 sec. each 100 2.7 

4 
Flow curve down, linear sweep �̇� from 60 to 0 

1/s in 20 steps lasting 5 sec. each 100 4.3 

5 Rest 340 10.0 

6 Stir up at �̇� = 60 1/s 30 10.5 

7 Rest 30 11.0 

8 
Flow curve up, linear sweep �̇� from 0 to 60 1/s 

in 20 steps lasting 5 sec. each 100 12.7 

9 
Flow curve down, linear sweep �̇� from 60 to 0 

1/s in 20 steps lasting 5 sec. each 100 14.3 

10 Rest 340 20.0 

11 Stir up at �̇� = 60 1/s 30 20.5 

12 rest 30 21.0 

13 
Flow curve up, linear sweep �̇� from 0 to 60 1/s 

in 20 steps lasting 5 sec. each 100 22.7 

14 
Flow curve down, linear sweep �̇� from 60 to 0 

1/s in 20 steps lasting 5 sec. each 100 24.3 

 

Table 6 – Analysed samples to obtain adsorption isotherms 

Material 
LSs addition 

procedure 
LSs dosage (mass % binder) 

ANL cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.2; 1.5 

DA 0.05; 0.1; 0.25; 0.4; 0.8; 1.2; 1.5 

CX cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.0 

DA 0.05; 0.1; 0.2; 0.4; 0.8; 1.2; 1.5 

 

 

 

 

 



 

 

Table 7 – Elemental concentration of Al, Fe, Ca, Si, and S in ANL and CX cements with 0, 0.8 

or 1.5 mass % LSs after 30 minutes hydration, and in two LSs solutions (mmol/L): the 2.0 and 

3.7 % LSs solutions were used for the cement samples with 0.8 and 1.5 mass % LSs 

respectively   

Sample LSs dosage Al Ca Fe S Si 

 Mass % binder Mass % 

ANL IA 0 0.05 236 0.03 767 0.86 

 0.8 0.07 260 0.09 963 1.1 

 1.5 0.15 445 0.69 1390 1.2 

ANL DA 0.8 11.2 375 5.5 1003 8.5 

1.5 35.7 523 14.3 715 26.0 

CX IA 0 0.05 239 0.02 1759 0.90 

 0.8 0.06 103 0.2 1691 3.0 

 1.5 0.11 53.7 1.1 1414 3.6 

CX DA 0.8 0.96 282 1.1 1762 2.3 

1.5 7.9 499 4.5 1929 5.6 

2.0 % LSs sol.  0.18 183 0.19 370 3.1 

3.7 % LSs sol.  0.26 324 0.31 659 2.7 

 

 

 

Figure 1 – a) Normalized yield stress and b) normalized viscosity vs. total LSs (mass % 

binder) of ANL and CX cements mixed with IA or DA of LSs at 10 min of hydration (12 min of 

hydration for samples prepared with DA) 



Figure 2– a) Normalized yield stress and b) normalized viscosity vs. total LSs (mass % 

binder) of ANL and CX cements mixed with IA or DA of LSs at 30 min of hydration 

Figure 3 - Flow resistance at 10 min. of hydration (12 min of hydration for samples prepared 

with DA) in fig. a and at 30 min. of hydration in fig. b vs. total LSs(mass % binder) of ANL 

and CX cements with IA or DA of LSs 



 

 

 

Figure 4 – Rate of heat of hydration in time for a) ANL and b) CX cement pastes with 

increasing dosage of LSs mixed with IA (0, 0.2, 0.4, 0.8 mass % LSs). The silicates and 

aluminates peaks are marked with different symbols in corresponding colour of the respective 

calorimetric curve. 

 

Figure 5 - Rate of heat of hydration vs. time for a) ANL and b) CX cement pastes with 

increasing dosage of LSs mixed with DA (0, 0.1, 0.2, 0.4 mass % LSs). The silicates and 

aluminates peaks are marked with different symbols in corresponding colour of the respective 

calorimetric curve. 

 

 



Figure 6 – Concentration of Al, Fe, Ca, Si, and S ions in the pore solution (mmol/L) expressed 

in logarithmic scale vs. total LSs added (mass % binder) to a) ANL and b) CX cement pastes 

at 30 min of hydration both for IA and DA 

Figure 7 - Amount of a) consumed LSs and of b) free LSs at 30 min of hydration vs. amount of 

LSs added to ANL and CX cements for IA and DA, after [27]. The results are calculated per 

mass % of binder 

Figure 8 - Surface area of ANL and CX cement particles hydrated for 30 min vs. total dosage 

of LSs added (mass % binder) both for IA and DA, after [27] 



 

 

        

Figure 9 – Setting time retardation vs. amount of a) total LSs and b) free LSs for ANL and CX 

cement pastes containing increasing dosage of LSs both for IA and DA. NB. The figures’ 

scales are different 
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ABSTRACT 

The effect of a softwood calcium lignosulfonate, LSs, on the ettringite formed in cement paste 

was investigated. Two Portland cements, mainly differing in surface area and C3A content, 

were used. The effect of LSs addition time was studied, by adding either the LSs immediately 

with the mixing water or after 10 minutes of hydration. After 30 minutes of hydration of both 

cement pastes, the immediate addition of LSs caused the formation of numerous small 

ettringite crystals. The ettringite crystals had similar shape in pastes with and without LSs 

addition: cubic or cuboidal shape with length between 0.1 and 0.4 µm. These small particles 

caused an increase in surface area, which in turn increased the LSs adsorption by the cement 

paste. This could potentially lead to incompatibility issues between cement and plasticizer. 

KEYWORDS 

Ettringite; Hydrated surface area; Adsorption; Fresh cement paste; Lignosulfonate  

1. INTRODUCTION 

Water-reducers, or plasticizers, allow obtaining highly fluid concrete with low water-to-

binder ratios, additionally improving the mechanical properties and the durability of the 

hardened concrete. 

In this paper, a low-sugar softwood calcium lignosulfonate (LSs) is investigated. LSs is 

commonly used in concrete in the dosage of 0.25-0.40 mass % of binder. Lignosulfonates are 

polyelectrolytes derived from lignins in the pulping industry. Lignin can be derived from 

various sources of biomass, which allows producing lignosulfonates with different molecular 

weight and amount of functional groups. 

Amongst the clinker phases, C3A is the one with the highest hydraulic reactivity, reacting 

immediately upon water contact. In the presence of gypsum, the first stable hydration product 

from C3A is ettringite (AFt). Ettringite forms as long as there are enough sulfate ions in 

solution. When gypsum is depleted, ettringite will start further reacting with the residual C3A, 

forming monosulfoaluminate hydrate (AFm) [1]. 
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The dispersing effectiveness of a superplasticizer on cementitious materials is, amongst 

others, a function of its degree of adsorption on the surface of cement grains and hydrates. 

The adsorbed plasticizer layer renders the particle surface of cement grains and hydrates 

negatively charged. As negatively charged particles approach each other, their repulsion 

prevents them from forming agglomerates. This is referred to as electrostatic repulsion. 

Additionally, when two surfaces approach enough for their adsorbed layers to overlap, a steric 

force develops. This will contribute in hindering particles to get close enough to form 

agglomerates [2]. Side chains stretching out from the polymer backbone also contribute to 

disperse the cement particles by steric hindrance. 

The polymer is not adsorbed equally on the four main cement phases. According to Yoshioka 

et al. [3], a much higher adsorption occurs on aluminate and ferrite than on the silicate phases. 

According to Zingg et al. [4] and Plank et al. [5], the plasticizer will be adsorbed also on the 

cement hydrates, ettringite being the hydrate adsorbing the most. 

It is known that plasticizers can cause changes in hydrates morphology, especially for 

ettringite. Prince et al. [6] studied a system of calcined kaolin, lime and anhydrite and found 

that sodium polynaphthalene sulfonate blocks the development of needle-like ettringite 

crystals. Instead, ettringite formed in small massive clusters. Hekal and Kishar [7] found that 

the size of the ettringite crystals formed in a C3A-CaSO4 system decreased as the dosage of a 

sodium naphthalene sulfonate-formaldehyde polycondensate increased. Cody et al. [8] 

synthesized ettringite in presence of a commercial lignosulfonate. They found that a large 

amount of ettringite formed in the form of small spherical crystals. Danner et al. [9] observed 

that the addition of calcium and sodium lignosulfonate led to the formation of small ettringite 

crystals with rounded oval shape. On the other hand, Kerui et al. [10] investigated a fly ash 

cement, reporting that a mixture of calcium lignosulfonate and sodium bicarbonate caused a 

change in ettringite formation from a large number of tiny crystals into a limited number of 

large needle-like crystal particles. In conclusion, plasticizers seem to generally cause the 

ettringite crystals to be smaller in size and to deviate from the typical needle-shape, taking a 

spherical or cubic morphology. This is contradictory to what was observed by Kerui et al. 

[10], who found that ettringite formed in few large needle-like crystals. However, it should be 

kept in mind that the results might have been influenced by the fact that lignosulfonate was 

combined with NaHCO3.  

Several studies reported that also the amount of formed hydrates might change upon 

plasticizer addition. Zingg [11] found that some polycarboxylate-type superplasticizers (PCE) 

had a limited influence on the amount of ettringite formed in Portland cements. This was 

confirmed by Dalas et al. [12], who found only a slight decrease in the amount of ettringite 

precipitated in a C3A-CaSO4 system, though its specific area was strongly increased. Hekal 

and Kishar [7] investigated a similar system of C3A and CaSO4 reporting that the ettringite 

formation was increasingly retarded in the first 24 hours of hydration as the dosage of a 

sodium naphthalene sulfonate-formaldehyde polycondensate increased. Lignosulfonate was, 

on the other hand, found to accelerate ettringite formation in cement by Bishop and Barron 

[13]. The amount of ettringite formed by a fly ash cement was found to increase in presence 

of a mixture of calcium lignosulfonate and sodium bicarbonate by Kerui et al. [10]. Danner et 
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al. [14] investigated three different cements in combination with a calcium-lignosulfonate and 

reported that the initial formation of ettringite was accelerated. In conclusion, the amount of 

ettringite formed has both been observed to increase and decrease depending on the 

plasticizers used. 

The aim of this paper is to understand the effect of a calcium lignosulfonate (LSs) on the 

formation of ettringite in Portland cement paste. Two Portland cements mainly differing in 

surface area and C3A content were chosen. The effects were studied both by adding the 

lignosulfonate immediately with the mixing water (IA), and by adding it after 10 minutes of 

hydration (DA). Changes in composition and amount of cement hydrates after 30 minutes of 

hydration caused by the addition of the LSs were investigated with thermogravimetric 

analysis (TGA) and X-ray powder diffraction (XRD). The effect of LSs on the hydrates of 

hardened cement was also studied with TGA after 28 days of hydration. The hydrates 

morphology was observed with scanning electron microscopy (SEM) after 30 minutes of 

hydration, and their chemical composition was analyzed with energy dispersive spectroscopy 

(EDS). The elemental composition of the pore solution extracted from the cement paste 

samples after 30 minutes of hydration was analysed with inductive coupled plasma – mass 

spectroscopy (ICP-MS). In addition, the effect of LSs on the solubility of the different 

calcium sulfates, i.e. anhydrite, hemihydrate and gypsum, was investigated by determining the 

soluble Ca and S by ICP-MS in calcium sulfate suspensions containing increasing LSs 

dosages. The adsorption isotherms and BET measurement presented in a previous paper by 

the same authors [15] were combined with the new results reported in the present paper. In the 

present paper, the authors succeeded in observing the morphology of ettringite in real cement 

paste with and without the LSs, and not as a pure synthesized phase. The results of this paper 

give further insight on the effect of LSs on the formation of cement hydrates, and thus 

contribute to a deeper understanding of the mechanisms behind the interactions between 

lignosulfonate and cement paste. 

2. EXPERIMENTAL

2.1 Materials 

The experiments were performed on two different cements: a CEM I 52.5 N (ANL) and a 

CEM I 52.5 R (CX), as defined by the European Standard EN197-1. The content of the main 

clinker phases of the cements quantified by XRD Rietveld, according to Le Saoût et al. [16], 

are given in Table 1. The chemical composition of the cements determined by XRF and the 

loss of ignition at 950 ºC are reported in Table 2. The particle size distribution (d10, d50, d90), 

Blaine surface area, density, and BET surface area are given in Table 3. 

A sugar-reduced softwood calcium lignosulfonate (LSs) was used as plasticizer. Its mass 

weighted molecular weight (Mw), as measured with gel permeation chromatography (GPC), 

was 29000 g/mol and the number weighted molecular weight (Mn) was 2100 g/mol, giving 

broad molar-mass dispersity (ĐM) equal to 13.8. The molar-mass dispersity, also called 

polydispersity index, is defined as the ratio between Mw and Mn [17]. Additional physical and 

chemical properties of the lignosulfonate are listed in Table 4. For the lignosulfonate used in 
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the present investigation, the sugars were removed from the product by fermentation and 

resulting alcohol by distillation. The LSs was dissolved in deionised water to concentrations 

varying from 1 to 45 % to ease dosing, and the water content was included in the calculation 

of the water-to-binder ratio (w/b).  

In order to study the effect of LSs on the solubility of calcium sulfates, anhydrite (CaSO4), 

hemihydrate (CaSO4·0.5H2O) and dihydrate (CaSO4·2H2O) were used. The anhydrite and the 

dihydrate were analytical grade, while the hemihydrate was technical grade. In order to mimic 

the pH of cement paste, the calcium sulfates samples were mixed with LSs solution diluted in 

artificial pore water. The artificial pore water was a solution of NaOH and KOH with K/Na 

molar ratio equal to 2 and measured pH of 12.9. 

2.2 Sample preparation 

About 300 g cement was mixed with deionised water and/or lignosulfonate solution in a high-

shear mixer MR530 by Braun at intensity 6 obtaining a paste with w/b = 0.4. A volume of 

about 200 ml was obtained for all the cement pastes. In order to investigate the effect of the 

time of addition of lignosulfonate, two different mixing procedures were applied: immediate 

addition of LSs with the mixing water (IA) and delayed addition of LSs after 10 minutes of 

hydration (DA).  

For IA, the binder was mixed with deionised water (and/or lignosulfonate diluted in deionised 

water) according to the procedure used by Vikan [18]: 30 seconds mixing, 5 minutes resting 

and scraping the mixer walls to homogenize the mix, and 1 minute mixing.  

For DA, the binder and 85% of the water were mixed according to the following mixing 

procedure: 30 seconds mixing, 10 minutes resting and scraping the mixer walls to 

homogenize the paste. The delay time of 10 minutes was found to be included in the range of 

optimum delay times to obtain the maximum workability increase with a given plasticizer 

dosage [19-22]. LSs and the remaining 15% of the needed water were then added to the mix, 

which was mixed for 1 additional minute. 

2.3 Methods 

2.3.1 UV-spectroscopy 

UV-spectroscopy allowed measuring the LSs concentration in the pore solution of the cement 

paste samples, which again allows the determination of the LSs uptake.  

After mixing according to paragraph 2.2, about 35 ml paste was poured in 50 ml plastic 

centrifuge tubes and left to rest until the selected hydration time. The pore solution was 

extracted from the cement paste by centrifuging the samples in a Heraeus Megafuge 8 

centrifuge by Thermo Scientific for 3 minutes at the speed of 4500 rpm. The supernatant pore 

solution was extracted and filtered with 0.45 µm cellulose syringe filters. The pore water was 

analysed with a Genesys 10S UV-spectrophotometer by Thermo Scientific. Wavelengths in 

the range 280-284 nm had been reported in literature to study the adsorption of lignosulfonate 

on cement particles [2, 18, 23-25]. After scanning at several wavelengths, 281 nm was chosen 

as the most suitable wavelength to analyse the samples in this study.  
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After centrifugation plasticizer consumed by the cement paste was determined with UV-

spectroscopy at increasing hydration times (from 5 to 120 minutes hydration). It was found 

that, after 10 minutes of hydration, the LSs uptake reached a plateau and did not change 

considerably with time. 30 minutes hydration was used for determination of the adsorption 

isotherms. 

A calibration curve was obtained measuring the absorbance of pure LSs solutions dissolved in 

deionised water in different concentrations. Based on the absorbance value of the pore 

solution extracted from the samples of cement paste, the calibration curve allowed the 

calculation of the amount of free plasticizer (g LS/100 g solution) in the pore solution. This 

amount was then related to the amount of binder in the sample (g LS/100 g binder). The LSs 

consumed by the investigated systems was calculated by subtracting the amount of free LSs to 

the total amount of LSs initially added to the sample, as displayed in equation 1: 

LSs consumed = LSs total - LSs free        (1) 

Polymer adsorption by a solid is usually described through isotherms, in which the amount of 

polymer adsorbed is plotted against the total amount of polymer added to the system [26]. The 

shape of an isotherm is largely determined by the adsorption mechanisms. In this study, the 

isotherms were drawn relating the amount of LSs consumed by the cement paste to the 

amount of total LSs added to the sample. When expressed as mass % of binder, the amount of 

LSs consumed was calculated considering the actual available water in the system, i.e. the 

mixing water was reduced by the bound water measured with TGA (paragraph 2.3.3). 

2.3.2 Solvent exchange 

A solvent exchange procedure with isopropanol and petroleum ether was used to stop the 

hydration of the cement paste. 

About 5 ml of cement paste after 30 minutes of hydration was transferred in a 50 ml 

centrifuge tube and centrifuged for 1 minute at 2000 rpm. The supernatant water was 

removed. About 40 ml of isopropanol was poured in the centrifuge tube. The tube was shaken 

for 30 seconds and let to rest for 5 minutes. The sample was centrifuged again for 1 minute at 

2000 rpm and the supernatant liquid was removed. The solvent exchange procedure with 

isopropanol was repeated once, followed by a final solvent exchange with 10 ml of petroleum 

ether. The resulting paste was let to dry in a ventilated oven for 15 minutes at 40 ºC, and then 

for 2 days in a desiccator over silica gel and soda lime to minimize carbonation. After drying, 

the samples were pulverized and homogenized in a porcelain mortar and stored in sealed 

containers in a desiccator over silica gel and soda lime until analysis. 

After 6 hours of hydration, a slice of 6 mm was cut from the mid-section of the sample with 

an electric saw (the samples were not plastic anymore, but neither fully hardened). For this 

reason, the semi-hardened cement paste was crushed in a porcelain mortar and the hydration 

was stopped in equal manner as for the samples hydrated for 30 minutes.   

A different set of samples of cement paste was let to hydrate for 28 days at 20 ºC in sealed 

conditions. After 28 days, a slice of 6 mm, equivalent to about 5 g of cement, was cut from 
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the mid-section of the sample with an electric saw. The sample was crushed in a porcelain 

mortar until the powder passed through a 1 mm sieve. The powder was then transferred into a 

125 ml plastic bottle together with 50 ml isopropanol, which was shaken for 30 seconds and 

let to rest for 5 minutes until solids sedimented. The isopropanol was decanted and the 

procedure was repeated once more. The isopropanol was then filtered off with a filtration unit 

connected to a water pump, using Blauband filters by Schleicher & Schuell. The sample was 

then flushed with 10 ml petroleum ether while still in the filtration unit, and let to rest for 5 

minutes, before removing the ether by filtration in the water pump. The sample was then 

transferred to a watch glass and let to dry in a ventilated oven for 15 minutes at 40 ºC. After 

drying, the samples were stored in sealed containers in a desiccator over silica gel and soda 

lime until analysis. Prior to analysis, the sample was pulverized and homogenized in a 

porcelain mortar. 

2.3.3 TGA  

The thermogravimetric analysis (TGA) was performed with a Mettler Toledo TGA DSC3+ on 

hydrated cement paste after stopping the hydration using solvent exchange. Approximately 

200 mg of cement paste powder was loaded in 600 µl alumina crucibles. The samples were 

heated from 40 to 900 °C at a rate of 10 °C/min while purging with 50 ml/min N2.  

It was decided to present the results in terms of mass loss % of the mass of dry binder in 

different temperature intervals (see Figure 5 and Table 6). The intervals selected were: 

interval 1, from 50 to ca. 300 °C, interval 2 from ca. 300 to ca. 500 °C, and interval 3 from ca. 

500 to 900 °C. The temperature ranges could slightly vary according to the actual peak 

boundaries in the derivative of the thermogravimetric curve (DTG). For the samples hydrated 

for 28 days, the intervals slightly changed in temperature ranges: interval 1, from 50 to ca. 

420 °C, interval 2 from ca. 420 to ca. 540 °C, and interval 3 from ca. 540 to 900 °C. 

Interval 1 includes the mass loss corresponding to the decomposition of ettringite, calcium 

sulfates, and C-S-H; interval 2 consists mainly of the mass loss corresponding to the 

decomposition of CH; interval 3 comprises the mass losses corresponding to the 

decomposition of carbonates. The sum of the mass loss in the interval 1 and 2 represents the 

release of bound water.  

The mass losses are expressed relative to the dry mass of the sample as the dry weight is 

assumed to be constant during the hydration. Commonly the mass at 500 °C is used as the dry 

mass of hydrated cement paste containing limestone [27]. However, the addition of LSs to the 

cement paste led to an increase in mass loss in the temperature range between 500 and 800 °C 

due to the decomposition of LSs. Therefore, the dry weight was calculated as the sum of the 

sample weight at 800 °C and the mass loss due to the decomposition of limestone in the 

sample without LSs. For example, the mass loss in interval 1 was calculated as in equation 2: 

Mass loss Int. 1 (mass %) = 
𝑤50−𝑤300

𝑤800+(𝑤500−𝑤800)
∗ 100      (2) 

To calculate the amount of bound water in the cement paste, the mass loss in the interval from 

50 to 500 ºC was considered. The amount of bound water was calculated as: 
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Amount of bound water (mass % dry weight of cement) = 
𝑤50−𝑤500

𝑤800+(𝑤500−𝑤800)
∗ 100    (3) 

In order to have an approximate quantification of the maximum amount of ettringite formed 

in the cement pastes, the whole mass loss in the interval 1 (50 - ca. 300 ºC) was considered. 

This interval also includes the water loss due to the release of crystalline water from the 

remaining calcium sulfate components present. However, it was difficult to separate these 

mass losses corresponding to ettringite and sulfates as the TGA peaks overlap. The amount of 

ettringite (AFt) was calculated as: 

Amount of AFt (mass % dry weight of cement) = 
𝑤50−𝑤300

𝑤800+(𝑤500−𝑤800)
∗

𝑀𝑚(𝐴𝐹𝑡)

𝑀𝑚(𝐻)
∗ 100  (4) 

2.3.4 XRD 

The X-ray diffraction (XRD) analysis was performed using a Bruker AXS D8 Focus with a 

Lynxeye super speed detector operating at 40 kV and 40 mA. A CuKα source (λCuKα = 1.54 

Å) with a 0.2 mm slit was used. The scan was performed between 7 and 55° 2θ with an 

increment of 0.02 and a scanning speed of 0.5 s/step. Front-loading sample holders were used. 

The scans are used qualitatively to detect changes in crystalline phases.  

2.3.5 BET of hydrated particles 

The BET measurements were performed using a Tristar II Plus by Micromeritics. The sample 

mass was about 2 g. The measurement was performed by first degassing the samples for about 

5 minutes at room temperature and then purging them with nitrogen at room temperature. The 

sample preparation applied in this study, similar to the one described in [28], aimed to limit 

destruction of hydrates such as gypsum and ettringite. The hydration was stopped with the 

solvent exchange procedure described in paragraph 2.3.2. The solvent was removed by drying 

the samples in a ventilated oven at 40 ̊ C for 15 minutes and subsequently leaving the sample 

to dry in a desiccator over silica gel and soda lime for 2 days. The samples were then sealed 

and stored in the same type of desiccator prior to the analysis.  

2.3.6 SEM-EDS 

An ultra-high-resolution in-lens cold field emission SEM S-5500 by Hitachi was used for the 

scanning electron microscopy (SEM). The cement powder was dried for 2 days in a desiccator 

over silica gel and soda lime prior to the analysis. The powder sample was placed on a sample 

holder with copper tape and the excess powder was removed with a N2 gun. A voltage of 5 kV 

and a current varying between 1 and 7 µA were used to observe the samples with the scanning 

electron microscope in secondary electron-mode (SE). The chemical composition of the 

samples was analyzed with energy-dispersive X-ray spectroscopy (EDS) using a Bruker 

XFlash detector set on a voltage of 5 kV and a current of 20 µA. The samples were coated 

with a 4 nm-thick layer of a platinum-palladium alloy to avoid charging of the sample during 

the analysis. 

2.3.7 ICP-MS  

Inductively-coupled plasma mass spectrometry (ICP-MS) was used to determine the 

elemental concentration of Al, Ca, Fe, K, Na, S and Si in the pore solution extracted from the 

cement paste. A triple quad Agilent 8800 by Agilent Technologies was used. The samples 
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were filtered with the same procedure used for UV-spectroscopy (paragraph 2.3.1) and 

acidified by adding 1:1 by volume of 1:10 diluted HNO3. 

3 RESULTS 

3.1 TGA after 30 minutes of hydration 

The effect of the dosage of LSs on cement hydrates after 30 minutes of hydration was 

investigated with TGA. The analysis was performed on ANL and CX cement pastes with 

different dosages of LSs both for immediate addition (IA) and for delayed addition (DA). A 

maximum LSs dosage of 1.5 mass % of binder was used for the samples prepared with DA 

because of the extremely large setting retardation displayed by this sample, as showed in a 

previous paper [29]. Reference samples of neat ANL and CX without LSs were also 

measured. The hydration of the tested samples was stopped after 30 minutes with the solvent 

exchange procedure with isopropanol and petroleum ether, as described in paragraph 2.3.2. 

The results are displayed in Figure 1 and in Figure 2 for ANL cement and in Figure 3 and in 

Figure 4 for CX cement. 

Several peaks could be observed: the peak at about 120 ºC and the smaller one at 240 ºC 

indicate the presence of AFt. The peak around 160 ºC represents the release of water from 

calcium sulfates (anhydrite, hemihydrate or gypsum) (CaSO4·xH2O). This peak might overlap 

with the one representing the decomposition of AFm, but, since no AFm was detected with 

XRD (see Figure 6 and Figure 7), it is assumed that this peak is only ascribable to the release 

of crystalline water from the calcium sulfates. The peak around 420 ºC relates to the release of 

crystalline water from portlandite (CH); the ones around 610 ºC and 780 ºC represent the 

decomposition of carbonates (C) (release of CO2). The peaks over 500 ºC can be attributed 

both to the decomposition of limestone included in the used cements and, for the samples 

containing LSs, to the decomposition of LSs. 

The ANL cement contains gypsum and hemihydrate, while CX cement contains hemihydrate 

and anhydrate (see Table 1). Upon contact with water, normally both anhydrite and 

hemihydrate partially or completely convert to gypsum. For ANL cement, the peak at 160 ºC 

corresponds to the dehydration of gypsum and hemihydrate. The TGA data for CX cement do 

not show peaks at 160 ºC. This indicates that the hemihydrate in CX cement paste is 

consumed after 30 minutes of hydration and no anhydrite has converted to gypsum. The latter 

is also confirmed by the XRD data, as shown in Figure 6 and Figure 7. 

The mass loss was quantified with the horizontal step method applied in three temperature 

intervals, as described in paragraph 2.3.3. The results are shown in Figure 5 and summarized 

in Table 6. 

From the results showed in Figure 5 and reported in Table 6, it can be observed that, for IA, 

the increase in LSs dosage led for both cements to an increase in the intensity of the peak 

corresponding to the decomposition of ettringite and a reduction in the one corresponding to 

the decomposition of calcium sulfate hydrates up to a LSs dosage of 1.5 mass % of binder. 

Similar trends were observed for both cements, even though the ettringite peak was noticeably 
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more intense and the one of calcium sulfate hydrates less intense for CX cement compared to 

ANL cement. For higher LSs dosages, the increase in intensity of the ettringite peak was 

lower than that with 1.5 mass % of binder LSs for both cements.  

The mass loss corresponding to the decomposition of CH did not noticeably change with 

increasing LSs amount.  

The mass loss corresponding to carbonates decomposition was found to increase in intensity 

with the increase of the LSs amount, and may thus actually include a contribution from the 

LSs decomposition.  

The amount of bound water (interval 1+2) followed a similar trend as interval 1. The 

increasing amount of bound water with increasing LSs dosages (up to 1.5 mass % of binder) 

shown by CX cement for IA agrees with the observation that, for IA, CX was found to set 

already after 30 minutes of hydration for LSs dosages over 1.0 mass % of binder.  

In the sample of CX cement paste with 1.5 mass % of binder LSs (IA), the amount of bound 

water resulted to be about 5 mass % of dry weight of cement, which represented the 12 % of 

the initial mixing water (40 mass % of dry weight, since w/b = 0.4). 

For DA, no noticeable changes in the ettringite, calcium sulfate hydrates, or CH amount were 

observed for any of the cements. Only an increased intensity of the carbonate peak was 

measured with increasing LSs amount. 

3.2 XRD 

The increase in the ettringite amount measured with TGA for IA was confirmed by x-ray 

diffraction (XRD) on ANL and CX cement pastes containing 0, 0.8, 1.5 mass % of binder LSs 

added with IA. The hydration of the cement pastes was stopped after 30 minutes with the 

solvent exchange procedure using isopropanol and petroleum ether, as described in paragraph 

2.3.2. The results are shown in Figure 6 and Figure 7.  

The main peaks displayed by the XRD curves are summarized in Table 7. The peak at 2θ = 

9.1º, representing ettringite, increases in intensity with the increase of LSs for both cements, 

supporting the results found with TGA. For the ANL cement samples, clear peaks at 2θ = 11.6 

º and 20.7 º are observed, representing gypsum. Whereas for CX cement samples, peaks at 2θ 

= 25.7 º and 31.2 º were detected and represent anhydrite. This is in line with the composition 

on the unhydrated cements (Table 1), where the sulfate source in CX cement is anhydrite and 

hemihydrate, and for ANL cement gypsum and hemihydrate, with the exception that 

hemihydrate was not detected in the XRD spectrum. For ANL and CX cement, the peak 

intensities of respectively gypsum and anhydrite noticeably decreased with the LSs dosage, 

indicating enhanced reaction of the calcium sulfate phases upon addition of LSs. The peaks at 

2θ = 12.2 º and 2θ = 24.3 º indicates C4AF, which appeared to slightly decrease with 

increasing LSs dosage. The peak at 2θ = 14.9 º represents C3S and displayed an 

approximately constant intensity with increasing LSs dosage in both cement pastes. The peak 

at 2θ = 23.0 º indicates either ettringite or CaCO3. This peak was found to slightly increase 

with the increase in LSs for both cements. 
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3.3 SEM 

3.3.1 After 30 minutes of hydration 

The morphology and size of early hydrates in presence of LSs was investigated with SEM. 

Pastes of both cements containing 1.5 mass % of binder LSs both for IA and DA were 

studied. The hydrates formed in these samples were compared to those formed in reference 

samples without LSs.  

Figure 8 displays grains of left) ANL and right) CX cement after 30 min hydration without 

LSs. Both cements showed large areas of unhydrated surface and few initial hydrates. It was 

noted that the presence of hydrates was largest inside cavities and holes on the particles’ 

surface.  

Figure 9 and Figure 10 display a typical particle of ANL and CX cement after 30 minutes of 

hydration, respectively, with 1.5 mass % of binder LSs mixed with IA. Large portions of the 

particles’ surface were covered with crystals. The crystals were cubic with size between 0.1 

and 0.2 µm for ANL cement, and cuboidal with length between 0.2 and 0.4 µm for CX 

cement (aspect-ratio varying between 1.5:1 and 4:1). For CX cement, the crystals appeared to 

be larger in amount than in ANL cement, being located densely on top of each other on the 

cement grains’ surface. 

When the same LSs amount was added with DA, as shown in Figure 11 and in Figure 12 for 

ANL and CX cement, respectively, the surfaces of particles and hydrates appeared rough and 

irregular, with fewer well-defined crystals than when the LSs was added with IA (see Figure 9 

and Figure 10).  

SEM-EDS was performed in order to analyse the chemical composition of the crystals present 

on the surface of unhydrated cement grains. The results from the SEM-EDS analysis of two 

crystals are displayed in Figure 13 and in Figure 14. It has to be noticed that the crystals 

turned to more rounded shapes during the scanning due to dehydration.  

The SEM-EDS line scans allowed a qualitative chemical analysis of a line of points which 

included both the crystals and the unhydrated cement grain below them. In both cements, the 

results showed that, in comparison to the cement grain on which the crystals lay, the crystals 

were richer in Al, S and Ca, while they contained less Si.  

The chemical composition of the samples was analysed by performing SEM-EDS analysis on 

4 points for each object analysed. The objects analysed were both the crystals and the 

underlying cement grains. The average content in Al, Si, S and Ca of 4 analysis points was 

calculated for both cement pastes. Al and S were used to identify the phase composing the 

crystals, as the crystals analysed were deposited on C3S surfaces. The ratio between these two 

elements can indeed be used to identify the phase they belong to. The crystals were found to 

contain Al and S in ratio of about 1:3 in ANL cement and 1.8:3 in CX cement. The theoretical 

Al to S ratio in ettringite is 2:3. Considering the non-ideal conditions for SEM-EDS analysis 

(e.g. relief, small crystals, and charging material) and the limited number of data points, the 
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crystals were identified as ettringite, even though the observed ratio between Al and S was 

lower than the theoretical one for ettringite for both cement pastes. 

3.3.2 After 6 hours of hydration 

The ettringite formed by pastes of the two cements without LSs was observed with SEM at 

final setting. The aim was to verify whether the ettringite crystals formed by pastes of the two 

cements without the LSs at a later stage of hydration displayed a needle-like shape and to 

compare them to those formed after 30 minutes of hydration. 

The analysis time was after 6 hours of hydration, which corresponded to a time right before 

the main hydration peak determined by isothermal calorimetry, as shown in a previous paper 

[29]. It was assumed that, at this time of hydration, a minor amount of AFm or no AFm was 

present. The results are shown in Figure 15 for ANL cement paste and in Figure 16 for CX 

cement paste. 

The particles of both cement samples without LSs were completely covered by hydrates after 

6 hours of hydration. C-S-H appeared as thin needles or fibres about 0.3 µm long and about 

0.05 µm wide. The C-S-H fibres embedded some ettringite crystals varying in morphology. 

Some ettringite crystals appeared as parallelepipeds with dimensions about 0.10x0.15 µm, 

while other crystals appeared more needle-like, with dimensions about 0.4x0.1 µm. Some 

clinker grains displayed more ettringite crystals on their surface, others less. In general, there 

seems to be an indication of more ettringite crystals on the CX clinker grains compared to 

ANL ones, in agreement with the difference in cement composition and fineness.  

The identification of ettringite and C-S-H was based on visual appearance and on the 

comparison to references in literature [30] and supported by SEM-EDS. Because of the high 

density of hydrates on the surface of unhydrated cement grains, it was difficult to analyse 

their chemical composition with SEM-EDS. However, the SEM-EDS analysis of the crystals 

visually identified as ettringite indicated that they contained Al and S, while the crystals 

identified as C-S-H appeared to be richer in Ca and Si.  

3.4 BET 

The BET surface area was measured for ANL and CX cement pastes with varying LSs 

amounts after 30 minutes of hydration. The hydration was stopped by solvent exchange after 

30 minutes. The results are shown in Figure 17.  

For both cements the surface area was found to increase as the dosage of plasticizer added to 

the cement paste increased. The increase in surface area was noticeably larger for CX than for 

ANL cement, and for IA compared to DA, corresponding to more AFt formed. 

3.5 Adsorption isotherms 

3.5.1 Cement pastes 

The adsorption isotherms obtained for ANL and CX cement pastes were achieved by plotting 

the amount of consumed polymer versus the total amount of polymer added after 30 minutes 

of hydration. The tested dosages are given in Table 5. The LSs was added to the cement paste 

either immediately together with the mixing water (IA), or after 10 minutes of hydration 
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(DA). Note that the adsorption isotherm obtained for CX cement for IA could only be 

measured up to 1.0 mass % of binder LSs. At higher dosages it was not possible to extract 

pore water as the paste had hardened after 30 minutes of hydration. The results and their fits 

according to the Langmuir model [26] are presented as mass % of binder in Figure 18 a, and 

relative to the BET hydrated specific surface area (Table 3) available for adsorption in Figure 

18 b. 

Figure 18 a shows that, for DA, an adsorption plateau was found for both cements. At high 

LSs dosage the isotherms obtained for DA also displayed a considerably lower amount of LSs 

consumed by the cement pastes compared to the isotherms obtained for IA. According to the 

theory reported in [26], an adsorption plateau is achieved when full monolayer surface 

coverage is reached. Therefore, for DA, the LSs consumption was considered to be mainly 

due to monolayer surface adsorption on the cement particles and hydrates, as reported in a 

previous paper [15].  

For IA, no adsorption plateau could be detected within the tested range, neither for ANL nor 

for CX cement. The isotherms’ shape indicated a continuous LSs uptake as more LSs was 

added to the mix.  

In Figure 18 b the consumed LSs was expressed relative to the available surface after 30 

minutes of hydration. The adsorption isotherms of CX cement paste for IA and DA nearly 

coincided, both reaching and adsorption plateau. As found in [15], this indicates that the high 

LSs consumption by CX cement paste for IA was mainly due to monolayer surface adsorption 

on the large specific surface area caused by the additional ettringite formed.  

For ANL cement, the amount of ettringite formed, and in turn the surface area, increased only 

moderately compared to CX cement (see Figure 17). Thus, as concluded in [15], surface 

adsorption could not entirely explain the measured LSs consumption. Therefore, for IA, other 

polymer consumption mechanisms, still to be determined, might have played a role in 

consuming the LSs in ANL cement paste. 

3.5.2 Calcium sulfates 

CX cement paste formed a larger amount of ettringite for IA compared to ANL cement paste. 

One of the differences between CX and ANL cement is the calcium sulfate source present, i.e. 

CX contains mainly anhydrite whereas ANL contains mainly gypsum (see Table 1). The 

difference in the amount of ettringite formed in both cement pastes might be related to the 

differences in the dissolution of the calcium sulfates i.e. enhanced dissolution of anhydrite 

compared to gypsum in the presence of LSs might have led to a higher amount of ettringite 

formed. In order to verify this, the interaction between the LSs and gypsum, hemihydrate and 

anhydrite was investigated. Adsorption isotherms were measured for anhydrite (CaSO4), 

hemihydrate (CaSO4·0.5H2O) and gypsum (CaSO4·2H2O). The samples had water-to-powder 

ratio 1.0 and they were analysed 30 minutes after mixing. The results are displayed in Figure 

19 with unit a) mass % of solid and b) g LSs / m
2
 unhydrated surface. The isotherms of ANL 

for IA are also shown as reference. 
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Figure 19 a shows that the adsorption isotherms of the three different calcium sulfates reached 

a plateau, which corresponds to monolayer surface saturation. The influence of the surface 

area was eliminated by normalizing the adsorption isotherms obtained by the BET surface 

area of each calcium sulfate. The results shown in Figure 19 b display that the higher LSs 

consumption of anhydrite was due to its higher surface area. Hemihydrate still showed a LSs 

consumption slightly higher than gypsum and anhydrite. Even when taking into account a 

hypothetical 30 % error in the BET results, the trends shown in Figure 19 b did not noticeably 

change. The amount of LSs consumed by the calcium sulfates was, however, noticeably lower 

than the one of ANL cement for IA (which was similar to that of CX cement).  

3.6 ICP-MS 

The elemental concentration of Al, Ca, Fe, Si and S in the pore solutions extracted from ANL 

and CX cement pastes after 30 minutes of hydration was determined with ICP-MS. The 

cement pastes contained 0.8 and 1.5 mass % of binder LSs added either with IA and DA. 

Additionally, a reference sample without LSs was measured. Moreover, the content in Al, Ca, 

Fe, Si and S was also measured for two LSs solutions dissolved in artificial pore water at 

concentrations corresponding to those used in cement pastes (see Table 8). The artificial pore 

water composition is described in paragraph 2.1. The results from ICP-MS are shown in 

Figure 20 and reported in Table 8.  

The samples mixed with DA showed an increase in Al, Fe and Si concentration dissolved in 

the pore solution as the LSs dosage increased. The increase was considerably larger for ANL 

cement than for CX cement. Only minor increases were measured for the samples mixed with 

IA. Moreover, except for CX cement for DA, the concentration of S and Ca appeared to be 

rather constant with increasing LSs dosage, in spite of the increased amount of these elements 

added by the increasing amount of LSs.  

In order to investigate the effect of increasing LSs dosages on the solubility of the sulfates 

present in the cement pastes, the elemental concentration of Ca and S in the pore solution 

extracted from anhydrite, hemihydrate, and gypsum slurries after 30 minutes of hydration was 

determined with ICP-MS. The LSs dosages tested were 0.2, 0.4, 0.8 and 1.5 mass % of binder 

LSs added with IA. Additionally, a reference sample without LSs was measured. Moreover, 

the content in Ca and S was also measured for two LSs solutions dissolved in artificial pore 

water (see Table 9). The artificial pore water composition is described in paragraph 2.1.The 

results from ICP-MS are shown in Figure 21 and reported in Table 9. 

The results, shown in Figure 21, highlight that, for LSs dosages between 0 and around 0.4 

mass % of binder LSs, the trend of the content in Ca and S deviates from the one observed for 

higher LSs dosages. As shown by the isotherms in Figure 19, with LSs dosages under about 

0.4 mass % of binder, all the samples were in a highly dynamic stage and far from reaching a 

constant level of surface adsorption. For this reason, the authors decided to focus on the 

values of Ca and S concentrations obtained for LSs dosages higher than about 0.4 mass % of 

binder. The content in Ca and S was found to be nearly independent of the LSs dosage for 

anhydrite and hemihydrate, while for gypsum it increased slightly as the LSs dosage 

increased. However, the increase was less than the Ca and S provided by the additional LSs. 
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3.7 TGA after 28 days of hydration 

The effect of increasing the LSs dosage on the hydrates formed in hardened cement paste 

were investigated with TGA. The analysis was performed on ANL and CX cement pastes 

after 28 days of sealed curing at 20 ºC containing different dosages of LSs both for IA and 

DA. A reference sample of neat ANL and CX without LSs was also measured. The hydration 

of the tested samples was stopped after 28 days with the solvent exchange procedure with 

isopropanol and petroleum ether, as described in paragraph 2.3.2. The results are displayed in 

Figure 22. 

The peak at about 125 ºC and the smaller one at 270 ºC indicate the presence of AFt. The 

peak around 170 ºC in this case represents most likely the decomposition of AFm, since it can 

be expected that, after 28 days of hydration, the sulfates are depleted. The peak around 480 ºC 

shows the decomposition of portlandite (CH). Note that C-S-H loses water over the entire 

temperature range from 50 to 600 ºC, with a main weight loss coinciding with the first 

ettringite peak just above 100 ºC.  The peaks over 600 ºC represent the decomposition of 

carbonates (CC). These can be attributed to the decomposition of limestone included in the 

used cements and, for the samples containing LSs, to the decomposition of LSs. 

The peaks corresponding to ettringite and to, most likely, AFm strongly overlapped for most 

samples. It was therefore difficult to quantify the amount of these phases. Hence it was 

decided to present the results in terms of mass loss % of the mass of dry binder in different 

temperature intervals, as described in paragraph 2.3.3. The results are shown in Figure 23 and 

summarized in Table 10. 

From the results shown in Figure 23 and reported in Table 10, it can be observed that, 

variations in the LSs dosage and time of addition (IA vs. DA), in general, led to little or no 

differences in mass loss % in the range comprising the AFt decomposition. For IA, there is an 

indication that the increase in LSs dosage for both cements led to a slight increase in the mass 

loss measured in interval 1 (AFt, AFm, C-S-H). As expected, the mass loss due to the 

decomposition of carbonates increased when more LSs was present in the mix. For ANL 

cement, the DA of 1.5 mass % of binder LSs caused the cement not to harden even after 28 

days of hydration. For this reason the data of this sample is not showed in Figure 23 and is 

reported in brackets in Table 10. 

4 DISCUSSION 

4.1 Effect of LSs on ettringite formation in fresh cement paste 

4.1.1 Ettringite amount 

As displayed in Figure 1 and Figure 3, when LSs was added to the cement pastes with IA, a 

higher amount of ettringite was formed in both cements compared to the sample without LSs, 

up to a threshold LSs dosage of 1.5 mass % of binder. With equal LSs dosage, a larger 

amount of ettringite is observed in CX cement paste compared to ANL cement paste, which 

might have been influenced by the larger amount of C3A and the higher fineness of CX 

cement compared to ANL cement.  
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A higher amount of ettringite crystals in CX cement paste when LSs was added with IA could 

also be observed with SEM, as shown in Figure 9 and Figure 10. The crystals observed in CX 

cement paste appeared to be located densely on top of each other on the cement grains’ 

surface. The ettringite morphology will be discussed more in detail in paragraph 4.1.2.  

With 1.5 mass % of binder LSs added with IA, the amount of ettringite calculated according 

to Equation 4 was about 8 and 14 mass % of the dry weight of cement for ANL and CX 

cement pastes, respectively, after 30 minutes of hydration. These amounts of ettringite appear 

feasible when compared to other references in literature [27, 31], taking into account possible 

differences due to the different materials used and time of analysis. 

Theoretically, the maximum amount of ettringite that can form in a cementitious system is 

limited either by the amount of Al2O3 or by the amount of SO3 available. The amount of 

ettringite that theoretically can form can be calculated with the following formulas, where Mm 

is the molar mass: 

Amount of AFt = Al2O3 amount · 
Mm (AFt)

Mm (Al2O3)
(5) 

Amount of AFt = SO3 amount · 
Mm (AFt)

Mm (SO3)
(6) 

Knowing the amount of Al2O3 and SO3 available, the theoretical amount of ettringite that was 

calculated. This amount was then compared to the amount of ettringite measured with TGA.  

The Al2O3 amount was calculated only considering the aluminates contained in C3A, since it 

was assumed that C4AF only slightly reacted after 30 minutes of hydration. This resulted in 

0.8 and 2.7 mass % Al2O3 in ANL and CX cement, respectively. The maximum amount of 

ettringite that could have formed with this amount of Al2O3 is 11 and 35 mass % of solid, 

respectively. These values are higher than those measured with TGA (8 and 14 mass % of 

solid for ANL and CX cement, respectively), therefore the alumina content appears not to be a 

limiting factor for the formation of ettringite. 

The amount of SO3, as measured with XRF (Table 2), was 3.3 and 3.6 mass % of solid in 

ANL and CX cements, respectively. The maximum amount of ettringite that could have 

formed with this amount of SO3 is 18 and 20 mass % of solid, respectively. When these 

values are compared with the amount of ettringite formed in the system as measured with 

TGA (8 and 14 mass % of solid for ANL and CX cement, respectively), it can be noticed that 

neither the SO3 content appears to be a limiting factor for the formation of ettringite. 

On the other hand, the TGA curves and the XRD graphs indicated that not all the available 

calcium sulfates initially present in the system had reacted after 30 minutes of hydration, but 

about 1/3 were still unreacted. Additionally, some of the sulfates measured with XRF come 

from the clinker silicate phases, which can be expected to have reacted only in a limited 

manner after 30 minutes of hydration. Considering the possibility that only 2/3 of the sulfates 

measured with XRF had actually reacted after 30 minutes of hydration (based on the 

respective height of the peaks of the calcium sulfates with and without LSs in the XRD 

graph), the amount of ettringite that could have formed would be 12 and 13 mass % of solid 
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for ANL and CX cement paste, respectively. In this case, the amount of ettringite that could 

have formed, based on the amount of SO3 available, was actually slightly lower than the one 

that was measured with TGA for CX cement. However, taking into account the variations in 

the results and the approximations made, the difference in the measured amount of ettringite 

by TGA and the calculated based on the SO3 content available is negligible for the CX 

cement. 

Finally, the LSs molecule contains sulfonate groups, which might replace the sulfates and 

enter in the ettringite structure. Indeed, the possible replacement of the sulfates coming from 

the calcium sulfates with the sulfonate groups contained in the LSs molecule, forming 

intercalated calcium aluminate hydrates, was highlighted by Stöber and Pöllmann [32, 33]. In 

the present paper, the highest amount of ettringite was formed in CX cement paste with 1.5 

mass % of binder LSs for IA. This amount was found to be similar to the calculated amount of 

ettringite based on the amount of available sulfates (considering that 1/3 of the sulfates were 

left after 30 minutes of hydration). In addition, the inclusion of elements or molecules in the 

ettringite structure would have most likely caused a shift in the peaks representing ettringite in 

the XRD spectrum, which was not observed in the samples analysed. Therefore, the 

intercalation of the sulfonate groups of the LSs appeared to be a minor mechanism, if present 

at all. 

In conclusion, the amount of ettringite measured by TGA was large, but feasible when 

compared with literature. In the sample where the largest amount of ettringite formed, enough 

aluminates and sulfates were available to form the entire amount of ettringite. Therefore, 

mechanisms such as intercalation of sulfonate groups from the LSs molecule in the ettringite 

structure seemed minor, if present at all. 

4.1.2 Ettringite morphology 

ANL and CX cement paste with 1.5 mass % of binder LSs added either with IA or with DA 

where hydration was stopped after 30 minutes were studied with SEM in order to investigate 

possible changes in hydrates morphology caused by the addition of LSs. The results were 

compared to those obtained for pastes of the two cements without LSs. After 30 minutes of 

hydration, ANL and CX cement grains appeared to be partially covered by crystals, identified 

as ettringite with EDS (Figure 13 and Figure 14). The degree of coverage and the crystals’ 

size varied according to the presence of LSs and to its addition method: considerably fewer 

smaller crystals were found for the samples without LSs and for the ones where the LSs was 

added with DA compared to when the LSs was added with IA.  

Several studies in literature found that plasticizers can change the morphology of ettringite 

from the typical needle-like structure, to a more round or cubic one [6-9]. In partial 

disagreement, Kerui et al. [10] found that the shape of the ettringite crystals was changed 

from numerous small needles to few large needle-like crystals. Indeed, as observed by Shi et 

al. [34] and hypothesized by Dalas et al. [12], superplasticizers can inhibit ettringite growth 

by adsorbing on their surface. The crystal shape will therefore depend on the preferred surface 

for adsorption. In the present study, the ettringite is visually observed in a real cement system 

and not as a pure synthesized phase. The crystals observed for the two cements appeared of 
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different size and shape: cubic with size between 0.1 and 0.2 µm for ANL cement (Figure 9), 

and with cuboidal shape with length between 0.2 and 0.4 µm for CX cement (aspect-ratio 

varying between 1.5:1 and 4:1) (Figure 10).  

When comparing samples of the same cement containing no LSs or 1.5 mass % of binder LSs 

added with IA or with DA after 30 minutes of hydration, it can be noticed that the crystals of 

ettringite displayed a similar cubic or cuboidal shape for all samples. It can be therefore 

concluded that, after 30 minutes of hydration, the addition of LSs did not lead to changes in 

ettringite shape for the cements analysed in this study. 

Finally, ANL and CX cement paste without LSs were investigated with SEM after 6 hours of 

hydration. The aim was to verify whether the ettringite crystals formed by pastes of the two 

cements without the LSs at a later stage of hydration displayed a needle-like shape. The time 

of analysis corresponded to a time right before the main hydration peak determined by 

isothermal calorimetry, as shown in a previous paper [29], when the ettringite crystals were 

expected to be fully developed. The results (Figure 15 and Figure 16) displayed no major 

difference in ettringite morphology between the samples with 1.5 mass % of binder LSs added 

with IA hydrated for 30 minutes and those without LSs hydrated for 6 hours, and between the 

two cements. Indeed, in both systems the ettringite crystals appeared with a compact and 

cuboidal shape instead of the expected needle-like shape.  

In conclusion, for the system analysed in this paper, no changes in the morphology of the 

ettringite crystals appeared to be caused by the LSs addition. These results do not fully agree 

with what found by other studies in literature [6-10]. This might be connected to the analytical 

technique used and to potential difference in the behaviour of synthetic ettringite crystals and 

ettringite in a hydrating cement paste.  

4.2 Effect of LSs on the solubility of cement phases and calcium sulfates 

The LSs used for the experiments reported in this paper is particularly rich in Ca and S (see 

Table 8).  

Increasing dosages of LSs led to an increased concentration of Al, Fe, and Si in the pore 

solution of ANL and CX cement pastes (Figure 21), as shown from the ICP-MS results (Table 

8). The concentration of these elements was particularly pronounced for DA. For DA, the LSs 

addition did not change the amount nor the type of hydrates formed by the cement pastes. 

Therefore, the presence of more Al, Fe and Si indicates that the dissolution of all the cement 

phases was increased by the LSs addition after 30 minutes of hydration. A higher dispersion 

of the cement grains also might have played a role. 

The higher amount of ettringite formed in the CX cement might be due to a higher dissolution 

of the anhydrite present in CX compared to the dissolution of gypsum present in ANL. In 

order to verify this or rule this out, the content in Ca and S of the pore solution extracted from 

gypsum, hemihydrate and anhydrite slurries containing increasing LSs dosages was measured. 

For LSs dosages higher than about 0.4 mass % of binder, the LSs adsorption by all the 

calcium sulfates was constant and reached a plateau, as shown by Figure 19. Therefore, when 

more LSs was added in the solution, one would expect the concentration in Ca and S to 
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increase, as LSs is rich in both elements. However, as the LSs dosage increased, the calcium 

sulfates showed a different behaviour: the content in Ca and S was found to be nearly constant 

in the pore solutions extracted from anhydrite and hemihydrate, while it increased in the pore 

solution of gypsum. However, the increase in Ca and S content was lower than it would be 

expected from the added LSs (Table 9). These results indicate that the LSs might even 

suppress the dissolution of gypsum, anhydrite and hemihydrate after 30 minutes of hydration. 

In conclusion, for DA, the dissolution of all the cement phases was increased by the LSs 

addition after 30 minutes of hydration. As to the calcium sulfates, for IA, the dissolution of 

gypsum, hemihydrate and anhydrite was found not to be enhanced upon LSs addition. 

Therefore, it appears that the large increase in ettringite formed was not due to an increased 

dissolution of the calcium sulfates. 

4.3 On the surface area and LSs consumption by cement paste 

In a previous article [15], the increase in the amount of ettringite formed in cement paste after 

30 minutes of hydration was found to correspond to an increase in the hydrated surface area, 

as shown in Figure 24. The increase in surface area was larger when the LSs was mixed with 

IA and for CX cement.  

As shown in Figure 1 and in Figure 3, a difference in amount of ettringite formed was found 

between IA and DA with the same LSs dosage for pastes of both cements. This led to a 

difference in surface area between IA and DA, especially for CX cement (Figure 24). This 

caused, in turn, a difference in LSs consumption for monolayer adsorption between IA and 

DA (Figure 18 a).  

The amount of LSs that could potentially adsorb in a monolayer on the additional amount of 

ettringite formed for IA was calculated. The following assumptions were made:  

- The ettringite is characterized by a density of 1778 kg/m
3
 [35], a cubic shape, and an 

average size of 0.15 µm for ANL cement and 0.3 µm for CX cement; 

- The entire ettringite surface area is available for polymer adsorption; 

- The molecular footprint of LSs is 27.5 nm
2
 for both cements. This value is an average 

of the molecular footprints of the two cements, as calculated in a previous paper [15] 

based on the amount of LSs adsorbed on the cement surface at the plateau value in the 

adsorption isotherms. 

The calculated amount of consumed LSs was compared to the difference in consumed LSs 

amount experimentally measured between the sample mixed with IA and the one mixed with 

DA at the LSs dosages of 0.8 and 1.5 mass % of binder (Table 11). The calculated ettringite 

amounts were found to be lower than the measured ones for all the samples. However, for CX 

cement, the calculated amount was relatively close to the measured amount, also taking into 

account the error connected to the approximations made. 

These results confirm that, for CX cement, the difference in LSs consumption between IA and 

DA appears to mainly be due to the additional surface available for adsorption given by the 

increased ettringite amount formed for IA. On the contrary, for ANL cement, the difference in 
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LSs consumption between IA and DA cannot be due solely to the additional surface offered 

by the increased ettringite formed for IA. 

4.4 Impact of the increased amount of ettringite on setting time and rheology of 

cement paste 

As investigated in a previous paper [29], the increased formation of ettringite seems to have 

an impact on the properties of fresh cement paste, in particular on setting time and rheology. 

The following aspects will be separately discussed in the following paragraphs. 

4.4.1 On the setting time of cement paste 

In a previous paper [29] it was found that the setting retardation was directly correlated to the 

amount of free LSs in the pore solution. In the samples which formed the higher amounts of 

ettringite (IA), the increased LSs adsorption caused by the additional surface area reduced the 

amount of free LSs in the pore solution compared to DA for the same LSs dosage. This was 

reflected in a lower setting retardation for IA compared to DA for the same LSs dosage. In 

addition, the retardation appeared to be less sensitive to small variations in dosing for IA than 

for DA, i.e. the system was more robust for IA. Small variations in the dosing of the LSs with 

DA led to large differences in retardation: the same LSs dosage of 0.4 mass % of binder 

caused an increase in setting retardation of 21 and 11 hours for ANL and CX cement 

respectively, when compared to the setting retardation caused by the same LSs dosage added 

with IA. This severe delay of setting can be a source of incompatibility between cement and 

plasticizer. 

4.4.2 On the rheology of cement paste 

The presence of numerous ettringite crystals on the surface of unhydrated cement grains, as 

observed in the present paper, could change the workability of the cement paste. The 

increased formation of ettringite led to early stiffening of the cement paste, reduced 

workability until potential rapid set, as measured in a previous paper [29] for CX cement with 

1.5 mass % of binder LSs added with IA. This is a form of incompatibility between cement 

and plasticizer.  

4.5 Effect of LSs on the hydrates of hardened cement paste 

In light of the differences in amount of ettringite in fresh cement paste caused by the addition 

of LSs, the effect of LSs on the hydrates of 28 days-old cement were also investigated.  

From the TGA results shown in Figure 23 and reported in Table 10, it can be observed that, in 

all intervals, few or no differences in mass loss could be observed; neither between samples 

containing different LSs amounts, nor between the samples prepared with IA and those 

prepared with DA. The most noticeable change, even though still of limited entity in a general 

scale, was observed for IA, where the increase in LSs dosage led for both cements to a slight 

increase in the mass loss measured in interval 1 (AFt, AFm, C-S-H). In particular, the 

intensity of the peak corresponding to the decomposition of ettringite was found to increase 

slightly with the LSs dosage, especially for ANL cement. 

In conclusion, the addition of LSs and its addition time seemed not to play a major role in 

type and amount of hydrates formed in ANL and CX cement pastes after 28 days of 
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hydration. For DA, the addition of a high LSs dosage (compared to the dosages normally used 

in practice), was found to cause lack of hardening in ANL cement even after 28 days of 

hydration. 

5 CONCLUSIONS 

The aim of this paper was to investigate the effect of varying dosages of a softwood calcium 

lignosulfonate (LSs) on the amount and morphology of ettringite formed in Portland cement 

paste. Two Portland cements, CX and ANL, mainly differing in surface area and C3A content 

were chosen; CX had higher surface area and C3A content than ANL. The influence of two 

different LSs addition methods was investigated. The LSs was either added immediately to 

the cement with the mixing water (IA), or after 10 minutes of hydration (DA). The following 

conclusions are drawn: 

Immediate addition (IA) of LSs to the cement pastes led to a considerable increase in the 

amount of ettringite formed compared to pastes of the same cements without LSs. Delayed 

addition (DA) of LSs did not affect the amount of ettringite formed.  

For the systems analyzed in this paper, no changes in the morphology of the ettringite crystals 

appeared to be caused by LSs addition.  

SEM imaging allowed observing the finely dispersed ettringite crystals in the cement paste. In 

case of immediate addition (IA) of LSs, the ettringite shape was cubic with size between 0.1 

and 0.2 µm for ANL cement, and cuboidal with length between 0.2 and 0.4 µm for CX 

cement (aspect-ratio varying between 1.5:1 and 4:1).  

The study of pure calcium sulfate systems indicated that the large amount of ettringite formed 

upon LSs addition with IA was not due to an increased dissolution of the calcium sulfates.  

The presence of numerous small ettringite crystals on the surface of unhydrated cement grains 

upon LSs addition with IA led to an increase in plasticizer adsorption. This renders the system 

more robust, i.e. less sensitive to variations in dosing, regarding retardation and slump loss 

compared to DA. However, the large amount of crystals might potentially cause 

incompatibility problems due to early stiffening.  

After 28 days of hydration, no noticeable effect of LSs addition and of its addition time on the 

amount of hydrates formed was observed, despite the large differences in the amount of 

ettringite formed after 30 minutes. 
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IA immediate addition of plasticizer 

LSs softwood low-sugar Ca-lignosulfonate 

OPC ordinary Portland cement 

w/b water-binder ratio 

-COOH carboxyl group 

φ-OH phenolic OH-group 
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Tables 

Table 1 – Main phases in cement ANL and CX from XRD-Rietveld analysis  
a
: results 

obtained with TGA analysis 

Phase composition (mass 

% of powder) 

ANL CX 

Alite 60.5 54.3 

Belite 14.2 18.8 

Aluminate cubic 1.3 4.7 

Aluminate orthorhombic 0.9 2.4 

Ferrite 14.0 6.5 

Periclase 0.4 1.1 

Quartz 0.3 - 

Calcite 3.2/ 3.8
 a
 3.6/ 3.7

 a
 

Portlandite 1.1/ 1.4
 a
 2.6/ 2.5

 a
 

Anhydrite - 2.1 

Hemihydrate 2.6 1.8 

Gypsum 1.0 - 

Arcanite  0.6 

Aphthitalite 0.4 0.7 

Thenardite - 0.8 

 

Table 2 – Chemical composition of the cements given by the producers 

Chemical compound 

(mass % of powder) 

ANL CX 

CaO 62.7 64.0 

SiO2 20.6 20.0 

Al2O3 4.4 4.6 

Fe2O3 3.5 2.6 

SO3 3.3 3.6 

MgO 1.6 2.4 

K2O 0.4 1.0 

Na2O 0.3 0.2 
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TiO2 0.2 0.2 

P2O5 0.2 0.2 

LOI (%) 1000 °C 1.6 1.7 

Sum 97.2 98.9 

 

Table 3 - Physical properties of the materials used 

 ANL CX Anhydrite Hemihydrate Gypsum 

Surface area (BET) 

(m
2
/kg) 

890 1330 3000 550 580 

Blaine surface (m
2
/kg)  360 540    

Density (g/cm
3
)  3.1 3.1    

d10 (µm) 2.0 2.0    

d50 (μm) 12.0 10.0    

d90 (μm) 34.0 26.0    

 

Table 4 - Chemical and physical properties of LSs 

Mw g/mol 

g/mol 

29000 

Mn 2100 

Organic S ( SO3) mass % 

mass % 

mass % 

mass % 

mass % 

mass % 

mass % 

4.6 

SO4
2-

 0.9 

Ca
2+

 4.6 

Na
+
 0.9 

-COOH 7.1 

φ-OH 1.4 

Total sugar 8.3 

 

Table 5 – Analysed samples to obtain adsorption isotherms 

Material 
LSs addition 

procedure 
LSs dosage (mass % of binder) 

ANL cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.2; 1.5; 2.0; 3.0 

DA 0.05; 0.1; 0.25; 0.4; 0.8; 1.2; 1.5 

CX cement 
IA 0.1; 0.2; 0.4; 0.6; 0.8; 1.0 

DA 0.05; 0.1; 0.2; 0.4; 0.8; 1.2; 1.5 
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Table 6 – Mass loss (% dry binder) of ANL and CX cements with increasing amount of LSs 

added with IA and DA after 30 minutes of hydration. The mass loss is calculated in three 

temperature intervals: 1: ettringite, calcium sulfates, possibly C-S-H; 2: CH; 3: carbonates. 

The sum of the mass loss in interval 1 and 2 represents the amount of bound water. *:40-350 

ºC for CX cement 

Cement 

type 

LSs 

dosage 

Addition 

procedure 

Interval 1 
 

40-300 ºC * 

Interval 2 
 

300-500 ºC 

Interval 3 
 

500-850 ºC 

Bound water 
 

40-500 ºC 

Mass % of dry binder 

ANL 0 

IA 

2.8 0.6 2.1 3.3 

0.8 2.5 0.4 2.6 3.0 

1.5 3.9 0.8 4.8 4.7 

2.0 2.5 0.6 3.9 3.1 

3.0 3.0 0.7 4.4 3.7 

0.8 
DA 

2.7 0.2 2.7 2.8 

1.5 2.7 0.7 3.9 3.4 

CX 0 

IA 

2.9 0.8 2.0 3.7 

0.8 4.7 0.9 3.4 5.6 

1.5 6.7 1.0 4.4 7.7 

2.0 5.7 1.0 5.3 6.7 

3.0 4.9 1.0 5.8 5.8 

0.8 
DA 

2.4 0.8 3.0 3.1 

1.5 2.8 0.9 4.1 3.7 

 

Table 7 – Summary of the elements detected with XRD in ANL and CX cement pastes with 

0/0.8/1.5 mass % of binder LSs (IA) which hydration was stopped after 30 minutes 

Angle 2θ Element Symbol in 

graph 

9.1 Ettringite AFt 

11.6; 20.7 Gypsum G 

12.2; 24.3 C4AF F 

14.9 C3S C3S 

23.0 CaCO3/AFt Cc/AFt 

25.4 Anhydrite A 
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Table 8 - Elemental concentration of Al, Fe, Ca, Si, and S in ANL and CX cements with 0, 0.8 

or 1.5 mass % of binder LSs after 30 minutes hydration, and in two LSs solutions (mmol/L): 

the 2.0 and 3.7 % LSs solutions were used for the cement samples with 0.8 and 1.5 mass % of 

binder LSs respectively   

Sample LSs dosage Al Ca Fe S Si 

Mass % of binder Mass % 

ANL IA 0 0.01 24 0 77 0.09 

0.8 0.01 26 0.01 96 0.11 

1.5 0.02 45 0.07 139 0.12 

ANL DA 0.8 1.1 38 0.55 100 0.85 

1.5 3.6 52 1.4 72 2.6 

CX IA 0 0.01 24 0 176 0.09 

0.8 0.01 10 0.02 169 0.30 

1.5 0.01 54 0.11 141 0.36 

CX DA 0.8 0.01 28 0.11 176 0.23 

1.5 0.79 50 0.45 193 0.56 

2.0 % LSs sol. 0.02 18 0.02 37 0.31 

3.7 % LSs sol. 0.03 32 0.03 66 0.27 

Table 9 - Elemental concentration of Ca and S in the pore solution (mmol/L) of calcium 

sulfate anhydrous, hemihydrate, and dihydrate, analysed after 30 minutes of hydration, and in 

two LSs solutions (mmol/L) (2.0 and 3.7 %) 

Sample LSs dosage Ca S 

Mass % of binder Mass % 

CaSO4 0 34 68 

0.2 38 55 

0.4 36 55 

0.8 30 52 

1.5 30 57 

CaSO4·0.5H2O 0 28 74 

0.2 83 93 
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 0.4 75 86 

 0.8 67 83 

1.5 66 85 

CaSO4·2H2O 0 20 57 

 0.2 30 44 

 0.4 42 53 

 0.8 63 77 

 1.5 72 89 

2.0 % LSs sol.  18 37 

3.7 % LSs sol.  32 66 

 

Table 10 - Mass loss (% dry binder) of ANL and CX cements with increasing amount of LSs 

added with IA and DA after 28 days of hydration. The mass loss is calculated in three 

temperature intervals: 1: AFt, calcium sulfates, AFm, possibly C-S-H, other hydrates; 2: CH; 

3: carbonates. The sum of the mass loss in interval 1 and 2 represents the amount of bound 

water. 

Cemen

t type 

LSs 

dosage 

Addition 

procedure 

Interval 

1 
 

40-420 ºC 

Interval 

2 
 

420-540 ºC 

Interval 

3 
 

540-850 ºC 

Mass % of solid 

ANL 0 

IA 

19.3 5.6 3.8 

0.8 21.0 5.7 4.7 

1.5 22.1 5.7 5.3 

0.8 
DA 

18.0 5.3 4.0 

1.5 - - - 

CX 0 

IA 

21.3 5.8 4.5 

0.8 21.7 5.6 5.2 

1.5 22.4 5.5 5.6 

0.8 
DA 

21.8 6.0 4.6 

1.5 20.9 5.8 5.5 
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Table 11 – Comparison between the amount of LSs that could potentially adsorb in a 

monolayer on the additional amount of ettringite formed for IA (“calculated Δ”), and the 

difference in consumed LSs amount experimentally measured between the sample mixed with 

IA and the one mixed with DA (“measured Δ”) 

Cement LSs dosage Calculated Δ 

consumed LSs IA-

DA 

Measured Δ 

consumed LSs IA-

DA 

 mass % of 

binder 

mass % of binder mass % of binder 

ANL 
0.8 0.07 0.25 

1.5 0.17 0.72 

CX 
0.8 0.12 0.16 

1.5 0.18 n.a. 

 

Figures 

   

Figure 1 – TG and DTG curves of ANL cement paste without LSs or a) with 0.8, 1.5, 2.0, 3.0 

mass % of binder LSs mixed with IA, or b) with 0.8 and 1.5 mass % of binder LSs mixed with 

DA. Hydration was stopped after 30 minutes. The peaks corresponding to the decomposition 

of ettringite (AFt), calcium sulfates (CSHx), portlandite (CH) and carbonates (C) are marked 

in the figures. 
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Figure 2 - TG and DTG curves of ANL cement paste without LSs or with a) 0.8, 1.5, 2.0, 3.0 

mass % of binder LSs mixed with IA and b) 0.8, 1.5 mass % of binder LSs mixed with DA , for 

which hydration was stopped after 30 minutes (Part of Figure 1; temperature range: 50-210 

ºC). The peaks corresponding to the decomposition of ettringite (AFt) and calcium sulfates 

(CSHx) are marked in the figures. 

   

Figure 3 – TG and DTG curves of CX cement paste without LSs or with 0.8, 1.5, 2.0, 3.0 mass 

% of binder LSs mixed with  a) IA and b) DA, for which hydration was stopped after 30 

minutes. The peaks corresponding to the decomposition of ettringite (AFt), anhydrite, 

hemihydrate or gypsum (CSHx), portlandite (CH) and carbonates (C) are marked in the 

figures. 
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Figure 4 - TG and DTG curves of CX cement paste without LSs or with a) 0.8, 1.5, 2.0, 3.0 

mass % of binder LSs mixed with IA and b) 0.8, 1.5 mass % of binder LSs mixed with DA, for 

which hydration was stopped after 30 minutes (Part of Figure 3; temperature range: 50-210 

ºC). The peaks corresponding to the decomposition of ettringite (AFt) and calcium sulfates 

(CSHx) are marked in the figures. 

 

Figure 5 – Mass loss (% of initial weight) due to a) ettringite (AFt), calcium sulfates (CSHx), 

possibly C-S-H; b) CH; c) carbonates (C) vs. LSs dosage (mass % of binder) for ANL and CX 

cements with increasing amount of LSs added with IA and with DA. NB. The scale of the y-

axis of figure b is different from the one of the other figures. 
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Figure 6 – X-ray diffraction curves from 2θ = 9 º to 15.5 º for a) ANL and b) CX cement 

pastes with 0, 0.8, 1.5 mass % of binder LSs (IA) which hydration was stopped after 30 

minutes. Several peaks are displayed in the figures: AFt: ettringite; G: gypsum; F: C4AF; C3S 

Figure 7 - X-ray diffraction curves from 2θ = 20 º to 26 º for a) ANL and b) CX cement pastes 

with 0, 0.8, 1.5 mass % of binder LSs (IA) which hydration was stopped after 30 minutes. 

Several peaks are displayed in the figures: G: gypsum; C: CaCO3; F: C4AF; A: anhydrite 
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Figure 8 – SEM images of cement grains of left) ANL and right) CX cement after 30 minutes 

of hydration without LSs. Width of micrograph: left) 16 µm, and right) 31 µm 

 

    

Figure 9 - SEM images of ANL cement grains after 30 minutes of hydration with 1.5 mass % 

of binder LSs added with IA. Width of micrograph: left) 16 µm, and right) 10 µm 

    

Figure 10 - SEM images of CX cement grains with 1.5 mass % of binder LSs added with IA 

after 30 minutes of hydration. Width of micrograph: left) 10 µm, and right) 5 µm 
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Figure 11 - SEM images of ANL cement grains with 1.5 mass % of binder LSs added with DA 

after 30 minutes of hydration. Width of micrograph: left) 14 µm, and right) 4 µm    

    

Figure 12 - SEM images of CX cement grains with 1.5 mass % of binder LSs added with DA 

after 30 minutes of hydration. Width of micrograph: left) 42 µm, and right) 6 µm 
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Figure 13 – Linear SEM-EDS analysis of a crystal on the surface of an unhydrated grain of 

ANL cement with 1.5 mass % of binder LSs added with IA after 30 minutes of hydration. The 

crystal analysed is shown in the centre of the micrograph (left; width of micrograph: 2 µm). It 

has to be noticed that the crystals turned to more rounded shapes during the scanning due to 

dehydration. The curve representing Si was scaled down by multiplying it by 0.5 for better 

graphical representation. 

Figure 14 - Linear SEM-EDS analysis of a crystal on the surface of an unhydrated grain of 

CX cement with 1.5 mass % of binder LSs added with IA after 30 minutes of hydration. The 

crystal analysed is shown in the centre of the micrograph (left; width of micrograph: 2.5 µm). 

It has to be noticed that the crystals turned to more rounded shapes during the scanning due 

to dehydration. The curve representing Si was scaled down by multiplying it by 0.5 for better 

graphical representation. 

400 nm 
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Figure 15 – SEM images of ANL cement grains without LSs after 6 hours of hydration. Width 

of micrograph: left) 6 µm, and right) 2.5 µm. The identification of the hydrates (right) was 

based on visual appearance and comparison to literature, e.g.[30] . 

Figure 16 - SEM images of CX cement grains without LSs after 6 hours of hydration. Width of 

micrograph: left) 4 µm, and right) 1.6 µm. The identification of the hydrates was based on 

visual appearance and comparison to literature, e.g. [30]. 

Figure 17 - Surface area of pastes of ANL and CX cements after  30 minutes of hydration vs. 

LSs dosage added (mass % of binder) both for IA and DA, after [15]. The specific surface 

area comprehends the surface area of unhydrated cement grains and hydrates. 

AFt 

C-S-H

AFt C-S-H



40 

 

     

Figure 18 – Amount of consumed LSs at 30 min. hydration vs. LSs dosage in neat ANL and 

CX cements for IA and DA, after [15]. The results are calculated as a) mass % of binder and 

as b) unit of surface area available for adsorption of hydrated pastes of ANL and CX cements 

   

Figure 19 - Amount of consumed LSs at 30 min. hydration vs. LSs dosage added to calcium 

sulfate anhydrous (anh.), hemihydrate (hem ) and dihydrate (gyp.) for IA. The results are 

calculated as a) mass % of powder, and b) g LSs/m
2
 unhydrated surface 
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Figure 20 – Concentration of Al, Fe, Ca, Si, and S in the pore solution (mmol/l) expressed in 

logarithmic scale vs. total LSs added (mass % of binder) to a) ANL and b) CX cement pastes 

analysed after 30 minutes of hydration both for IA and DA 

Figure 21 - Concentration of Ca and S in the pore solution (mmol/l) expressed in logarithmic 

scale vs. total LSs added (mass % of powder) with IA to calcium sulfate anhydrous, 

hemihydrate, and dihydrate, analyzed after 30 minutes of hydration 
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Figure 22 - TG and DTG curves of a) ANL and b) CX cement paste without LSs or with 0.8, 

1.5, 2.0, 3.0 mass % of binder LSs mixed with  IA and DA, for which hydration was stopped 

after 28 days. The peaks corresponding to the decomposition of AFt, AFm, portlandite (CH) 

and carbonates (C) are marked in the figures. 

   

Figure 23 – Mass loss (% of initial weight) of a) AFt, calcium sulfate hydrates (CSHx), AFm, 

C-S-H; b) CH; c) carbonates (C)vs. LSs dosage (mass % of binder) for ANL and CX cements 

with increasing amount of LSs added with IA and with DA. NB. The scale of the y-axis of 

figure a) is different than the one of the other figures. 
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Figure 24 - Correlation between the calculated amount of ettringite* and the particle surface 

area of solids in pastes of the two cements when LSs was added immediately with the mixing 

water (IA). *: Amount of ettringite calculated considering the mass loss in the whole interval 

1 (50 - ca. 300 ºC) 
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