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1 Introduction 
 
Dispersion of agglomerated cement particles is known to be the main way 
by which superplasticizers improve the workability of concrete. 
Superplasticizers (SP) are anionic polyelectrolyte polymers with generally 
carboxylate and/or sulfonate groups. The fluidifying effect of 
superplasticizers is essentially linked to their adsorption onto cement 
surfaces. A major factor is to ensure that the polymer adsorbs onto the 
particles and has a configuration which maximizes its capacity to disperse 
agglomerated particles. The computation of interparticle forces [1,2] allows 
the prediction and evaluation of rheological properties [3]. A key factor in 
such theoretical approaches is knowledge of the amount and the 
conformation of the adsorbed superplasticizers (SP). 
 
In this study we used an MgO powder as a model powder. The 
advantages of using a model powder for cement in studying the 
interactions with SPs have already been presented [4-6]. Consequently, 
we will only discuss this topic briefly. Cement suspensions have an 
inherent complexity which is an obstacle to understanding cement/SP 
interactions. Not only do the surfaces of the hydrating minerals evolve in 
time, but also the chemical composition of the solution is changing in the 
period between the mixing and placing of concrete. Such modifications 
can be avoided with a model powder like MgO that is chemically similar to 
CaO, which probably dominates the surface composition of the main 
cement particles (C3A, C3S and C2S). The MgO isoelectric point is at pH 
12.45 [6], close to the one of cement. In aqueous solution, the surface of 
the MgO reacts with water to form Mg(OH)2. Also, during cement 
hydration, a part of the SP can be consumed by the formation of organo-
mineral phases [7]. This consumed SP will not contribute to the dispersion 
of cement particles, and can thus give a false indication of the inherent 
dispersion power of the polymer. 
 
The basic solution in contact with the MgO powder has a very low ionic 
concentration due to the low solubility of MgO and Mg(OH)2 in highly 
alkaline medium. This allows us to add specific ions and study their 
influence on the SP adsorption.  
 



  

Without SPs the main forces governing the interactions between cement 
particles are electrostatic forces and the dispersion or van der Waals 
forces [1,2,4,5]. The van der Waals forces are attractive between isotropic 
particles constituted of the same matter and cause agglomeration of 
cement particles. In presence of SPs the steric forces are also expected to 
play a major role. 
 
 
2 Interfaces and adsorption 
 
2.1 The solid/liquid Interface 
 
The cement minerals can be considered to be constituted of different 
oxides (CaO, Al2O3, Fe2O3, SiO2). These oxides react with water and their 
surface charge is determined in part by the pH of the solution in which 
they are immersed [8]. For such systems, the H+ and OH- are potential-
determining ions due to the reaction: 
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These reactions have corresponding equilibrium constants K+ and K-. At 
the point of zero charge (pzc) there is an equal number of positive and 
negative charges at the surface. 
 
A charged interface attracts ions and particles of opposite charge and the 
interfacial zone is generally represented by the double layer model. Close 
to surface a compact layer, also called the Stern layer, is formed. The ions 
in this layer have long residence times at the surface and are not affected 
by the Brownian motion. The region extending from the Stern layer to the 
bulk solution constitutes a second layer, called the diffuse layer. The ions 
in this region are influenced by the surface potential and Brownian motion. 
The potential in the Stern layer is often described as a linearly decreasing 
function with distance [7]. The electrostatic potential of the diffuse layer is 
described by the Poisson-Boltzmann equation [8]. The Debye length (κ−1) 
is defined as follows: 
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Whith ε0 the permittivity of vacuum, ε the relative dielectric constant of 
water, kB the Boltzmann constant, e the elementary charge, 

2
i i iI 1/ 2 c z= ∑ the ionic strength, ci the ionic concentration, zi the number of 

charge. 1/κ is a measure of the size of the double layer. The extent of the 
diffuse layer is of the order of 3/κ to 4/κ [7]. As the double layers 



  

interpenetrate they can prevent particles coming into close contact and 
forming agglomerates. 
 
The potential at the plane of shear is known as the zeta potential (ζ). A 
considerable body of evidence has accumulated suggesting that ζ is equal 
to, or very close to, the potential characterizing the onset of the diffuse 
part of the double layer [7]. The surface potential sΨ , at the particle 
surface can be approximated using Eq. 3 [8]: 
 

sΨ  = ζexp(κd) Eq. (3) 
 
With d the thickness of the compact or Stern layer, that is of the order of 
0.5 nm, the size of a hydrated ion [7]. 
 
We have seen that the origin of the surface charge is due to the 
dissociation of amphoteric groups as described by Eq. (1). A large part of 
the oxide surface charge is balanced by the adsorption of counterions into 
the compact layer. The adsorption of monovalent ions onto charged 
surface sites reduces the magnitude of ζ  but do not, normally, change its 

sign. In contrast, divalent ions like 2
4SO − and Ca2+ may change the sign of 

the ζ potential [8]. This point is particularly relevant for cement as such 
divalent ions are common in cement pore solutions. 
 
Another characteristic of cement suspensions important for SP adsorption 
is that the electrostatic surface potential of the particles is very close to 
zero at high pH. Getting exact values of potentials near the isoelectric 
point (iep, pH of zero zeta potential) is a difficult task and both slightly 
positive or negative ζ potentials can be found in the literature [10-12]. 
Variations of ζ potentials can also be due to variations in composition of 
cements and time of hydration. For what we are concerned with, however, 
it suffices to state that cement suspensions are very close to their iep and 
have a very small net surface charge even though they are in a highly 
alkaline suspension. 
 
2.2 The solid/liquid Interface with polymers 
 
The pH of the aqueous phase of cement suspensions being between 12.5 
and 13.5, the acidic functions are fully dissociated. The conformation of 
certain polycarboxylates polymers in solution has been established [13] 
according to the mean-field model developed for non-ionic comb-like 
polymers. They were all found to be in the flexible backbone wormlike 
regime (FBW). A 2D schematic representation of two polycarboxylate 
polymers is given in Fig. 1. 
 



  

  
 

 
Figure 1 - Conformation of polycarboxylates PCP-1 (left) and PCP-4 (right) 
in solution [13]. 
 
At the interface, the polymers compete with simple ions which may modify 
their conformation. At high pH, their negatively charged carboxylate 
groups are expected to interact with +

2 M OH− −  sites of the surface. As 
the polymer has many points of contact with the surface it forms trains and 
loops [14]. In the case of polycarboxylates, another fixation mechanism is 
likely to be the complexation of carboxylate groups by cations such as 
Ca2+ (or Mg2+ with our model powder). It has been demonstrated that 
sodium polyacrylate forms bidentate complexes with Ca2+ that precipitate 
due to their loss of solubility on the surface of calcite [15]. The surface 
complexation of calcite by carboxylates in water was also shown. In this 
case, the adsorption site is a –Ca+ site that is complexed by to 
carboxylates, similarly to the complexation of Ca2+ in solution. 
 

 
Figure 2 - Conformation of 2 polycarboxylates estimated form AFM 
measurements [16]. 
 
A more detailed description of the behavior and properties of polymers at 
interfaces are out of the scope of this paper. Interested readers may 
consult the specific literature, for instance [14]. 
 
 
3 Experimental 
 
3.1 Materials 
 
The model MgO used was a dead burnt MgO (called P98). A part was 
classified (P98-C) to give particle sizes below 10 µm for electroacoustic 



  

measurements. Both powders can be regarded as non-reactive for a 
period between 30 minutes and 2 hours after first water contact. During 
this period all surfaces of the MgO grains are expected to have a thin layer 
of Mg(OH)2 [6]. 
 
Six different polycarboxylate polymers (PCPs) containing grafted PEO 
moieties (Fig. 3) were supplied by SIKA.  The amount of grafting (τ) varies 
between 12 and 30 %. Their main characteristics are given in Tables 1 
and 2. The polymers were purified by ultrafiltration to eliminate low molar 
mass compounds. 
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Figure 3 – Molecular structure of the polycarboxylate polymers. 
 
Table 1: Characteristics of the polycarboxylates 
 
Polymer PCP-1 PCP-2 PCP-3 PCP-4 PCP-5 PCP-6 

Mw 23’000 112’00
0 

25’00
0 

61’00
0 

48’00
0 32’500 

Mn 13’000 45’000 18’00
0 

28’00
0 

30’00
0 

16’600 

Molar 
mass 
(g/mol) 

Mw/Mn 1.8 2.5 1.5 2.2 1.6 2.0 

Side chain length average average long very 
long 

short/ 
long 

average 

 
More details on the materials can be found in [18]. 
 
3.2 Adsorption and ζ potential measurements 
 
The amount of the adsorbed polymer was measured by the depletion 
method. A solution of polymer is brought into contact with the powder 
(solution/powder = 1.8 g/g) for 30 min. The solid and liquid phases were 
separated and the amount of polymer in the solution was measured. The 
difference in the concentration before and after contact with the powder is 
assumed to be the adsorbed polymer amount. The majority of 
measurements were carried out in a solution of NaOH 0.01M (pH 12) and 
the influence of different ions was studied by adding salts to the solution. 
The temperature was kept constant at 25 ± 0.5 °C.  



  

Electroacoustic measurements were carried out to determine zeta 
potential from the dynamic mobility [19]. They also allowed us to study the 
adsorption of the polymers. An aqueous polymer solution was added to 
the suspension by increments with a micro-burette and the zeta potential 
was calculated for each increment using Smoluchowsky’s model [20]. 
 
 
4 Results and discussion 
 
Adsorption isotherms were carried out at pH≈12 (NaOH 0.01M). All 
adsorption curves have the same trend, a linear portion followed by a non-
linear section ending in a plateau (Fig. 4) with the exception of PCP-3. The 
linear section indicates that the adsorbed quantity is proportional to the 
amount of superplasticizer added. The experimental points of this part 
were fitted by Eq. (4). 
 
y = ax Eq. (4) 
 
The calculated slopes (a) are given in Table 2. The steeper the slope, the 
higher the affinity of the superplasticizers for the surface of the powders. 
Unfortunately, the limited number of polymers studied does not show clear 
trends. The second part of the curve is non-linear and the adsorbed 
polymer amount increases up to a plateau value. The experimental points 
of this part of the adsorption curves were fitted by Eq. (5). 
 

bcxy
1 cx

=
+

 Eq. (5) 

 
b and c are constants. b is the plateau value ( x → ∞ ) and is reported in 
Table 2. Such an equation is identical to the Langmuir adsorption 
equation. The plateau values, where we expect to have a fully covered 
surface with a constant adsorbed layer thickness, allowed us to estimate 
the amount of polymer needed for AFM and rheological property 
measurements. Also electroacoustic measurements were made to follow 
the change in zeta potential as a function of adsorbed polymer. 
 
Except for PCP-3, adsorbed amount increases to a plateau value which 
varies as a function of studied polymer. For PCP-1, PCP-2, PCP-4, PCP-5 
and PCP-6, all isotherms are similar. For PCP-3 at a concentration higher 
than 4 mg/g, the adsorbed PCP-3 amount seems to increase linearly with 
the PCP-3 concentration in the supernatant. These results suggest a 
precipitation of the polymer on the MgO particles. 
 
 



  

Table 2 . Radii of gyration (Rg), hydrodynamic radii (Rh), adsorbed layer 
thickness (LAFM) (8 < pH < 12.8 and 0.03 < I < 0.4 M), affinity (a) and 
adsorption plateau values (b) for the PCPs. 
 
 PCP-1 PCP-2 PCP-3 PCP-4 PCP-5 PCP-6 

gR (nm) 5.0±0.7 9.1±0.5 5.2±0.8 7.9±0.4 6.7±0.3 6.2±0.3 

hR (nm) 4.9±0.3 10.1±1.0 4.4±0.1 9.3±0.1 5.9±0.3 4.7±0.3 

LAFM 1.5±0.5 4.0±1.0 3.5±0.5 4.5±0.5 3.0±1.0 1.5±1.0 

Affinity a [-] 0.37 0.48 0.74 0.40 0.46 0.58 

b (mg/g) 1.14 1.28 No plat. 1.01 1.45 1.99 
 
It has been shown for a neutral polymer that the amount of adsorbed 
polymer increases with its molar mass [14]. The studied polymers contain 
70 to 88 % of PEO (neutral polymer) and they have essentially a neural 
character. However, no simple relationship between adsorbed amount and 
molar mass can be observed. This is probably due to the significant 
variations in structure of the polycarboxylates. 
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Figure 4 - Adsorption curves of PCPs onto MgO P98 in NaOH 0.01M. 
 
The electrical charge of MgO should decrease as the adsorbed amount of 
SP increases and also reach a plateau. This effect was observed by 
recording the variation of ζ potential (Fig. 5). In this experiment, a 
polymethacrylate (PMMA), a polymer without grafted PEO, was also 
added. This polymer has more carboxylate groups and should lead to a 
more negative ζ potential, as was observed (Fig. 5). 
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Figure 5 – Zeta potential of MgO P98-C (at pH=12) as a function of added 
PCP and a poly(methacrylic) polymer (PMMA). 
 
The electroacoustic and adsorption curves of PCP-5 on MgO P98-C are shown in 
Fig. 6. ζ potential (and consequently the surface charge) of MgO varies with the 
amount of adsorbed SP. The two curves reach a plateau for an equivalent amount 
of added SP. This indicates that ζ potential is linked to the adsorption of the 
polymer. The influence of the amount of adsorbed carboxylate groups is shown in 
Fig. 7, where the ζ  is seen to be proportional to the number of adsorbed charges. 
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Figure 6 – Adsorption and electro-acoustic curves of PCP-5 (at pH=12). 
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Figure. 7 – ζ potential as a function of adsorbed carboxylate groups. 
 
The zeta potentials of MgO suspensions in presence of different ions are 
presented in Table 3. We get a positively charged surface at pH 11 and a 
negative surface at pH 13, as expected from the isoelectric point. 
However, when Ca2+

 ions are added they interact with the MgO powder 
and the zeta potential increases to more positive values with the zeta 
potential remaining positive at pH 13. Table 3 shows that 2

4SO −
 ions also 

affect the zeta potential but in this case towards a less positive or a more 
negative value. This shows that both Ca2+ and 2

4SO −
 ions interact with the 

MgO surfaces. However, other experiments have shown that there is no 
chemisorption of 2

4SO −  onto the MgO surface [18]. Apparently the 

interaction between the MgO surface and the 2
4SO −

 ion is not strong 
enough to chemisorb but is strong enough to affect the zeta potential 
which in turn would be expected to affect adsorption as seen in recent 
work on polycarboxylate-type superplasticizers [21]. The inverse of the 
Debye length (see Eq. 2) has been calculated and is reported in Table 3. 
These values give an approximation of the position where ζ potential were 
determined. It can also be seen that the double layers are considerably 
reduced at high ionic strength. 
 
The variations of zeta potentials of MgO in presence of one 
superplasticizer are also given in figure 8 as an example. The same trends 
can be observed. 
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Figure 8 - ζ potential of MgO P98-C as a function of added PCP-1 in 
different ionic solutions. 
 
Table 3 - Zeta potential of MgO P98-C in different electrolytes and Debye 

length (1/κ). 
 
Composition of 1 liter of solution ζ potential (mV) 1/κ (nm) 

(pH adjusted by NaOH) pH 11 pH 13 pH 11 pH 13 

100 mmol NaCl +3.8 -1.3 1.0 0.7 

100 mmol NaCl + 10 mmol CaCl2 +8 +5 0.8 0.6 

100 mmol NaCl + 100 mmol Na2SO4 +0.5 -3 0.5 0.4 
 
 
5 Conclusions 
 
The adsorption curves of polycarboxylates superplasticizers measured at 
pH≈12 on MgO have generally the same trend: a linear section followed 
by a non-linear section ending in a plateau. Electroacoustic 
measurements show that ζ potential decreases as a function of added SP 
amount to a similar plateau value. This confirms that ζ potential is linked to 
the adsorption of SPs and we saw that the ζ  was proportional to the 

amount of adsorbed carboxylate groups. 
 
When Ca2+

 ions are added to an MgO suspension, the ζ potential 
increases to more positive values and remains positive at pH 13. 2

4SO −
 

ions also affect the zeta potential but in this case towards a less positive 
or a more negative value. This shows that both Ca2+ and 2

4SO −
 ions 

interact with the MgO surfaces. This is important for a better 



  

understanding of the adsorption of SPs. Further work is planned for a 
typical polycarboxylate SP to investigate the effect of ions on surface 
charge, adsorption and consequently the behavior of cementitious 
systems. 
 
 
Acknowledgements 
 
Part of his work was carried out within the 5Th European Framework 
Programme (Contract G5RD-CT-2001-00435, Project Superplast) and 
received a financial support from the Swiss Federal Office for Education 
and Science (contract No 00.0273-1). 
 
 
References 
 
[1] R.J. Flatt, Y.F. Houst, P. Bowen, H. Hofmann, Electrosteric Repulsion 

Induced by Superplasticizers Between Cement Particles : an 
Overlooked Mechanism ?”, in 6th CANMET/ACI International 
Conference on Superplasticizers and other Chemical Admixtures in 
Concrete, (V.M Malhotra. Ed.), SP 195, American Concrete Institute, 
Farmington Hills, Mi, USA, 2000, pp. 29-42. 

[2] R.J. Flatt, Dispersion Forces in Cement Suspensions, Cem Concr 
Res 34 (2004) 399-408. 

[3] R.J. Flatt, P. Bowen, Yodel: A Yield Stress Model for Suspensions, J 
Am Ceram Soc 89 (2006) 1244-1256. 

[4] R.J. Flatt, Y.F. Houst, P. Bowen, H. Hofmann, J. Widmer, U. Sulser, 
U. Maeder and T.A. Bürge., Interaction of superplasticizers with model 
powders in a highly alkaline medium, Proceedings of the 5th 
Canmet/ACI International Conference on Superplasticizers and Other 
Chemical Admixtures in Concrete (V.M. Malhotra, Ed.), American 
Concrete Institute, Farmigton Hills, Mi, USA., 1997, SP-173, pp. 743-
762. 

[5] R.J. Flatt, Y.F. Houst, P. Bowen, H. Hofmann, J. Widmer, U. Sulser, 
U. Mäder, T.A. Bürge, Effect of Superplasticizers in Highly Alkaline 
Model Suspensions Containing Silica Fume, 6th CANMET/ACI 
International Conference on Fly-Ash, Silica Fume, Slag and Natural 
Pozzolans in Concrete, (V.M. Malhotra, Ed.), American Concrete 
Institute, Farmington Hills, Mi, USA, 1998, SP 178, Vol. 2, pp. 911-
930. 

[6] R.J. Flatt, P. Bowen, A. Siebold, Y.F. Houst, Cement Model Powder 
for Superplasticizer Properties Studies, in: G. Grieve, G. Owens 
(Eds.), Proceedings of the 11th International Congress on the 
Chemistry of Cement, Tech Books International, New Dehli, 2003, vol. 
2, p. 23. 



  

[7] R.J. Hunter, Foundations of Colloid Chemistry, Oxford University 
Press, Oxford, 2nd ed., 2001. 

[8] J.P. Jolivet, M. Henry, De la solution à l’oxyde, condensation des 
cations en solution aqueuse, chimie de surface des oxides, 
InterEditions CNRS, Paris, 1994. 

[9]  R.J. Flatt, Y.F. Houst, A simplified view on Chemical Effects 
Perturbing the Action of Superplasticizers, Cem Concr Res 31 (2001) 
1169-1176. 

[10] E. Nägele, The Zeta-Potential of Cement, Cem Concr Res 15 (1985) 
453-462. 

[11] E. Nägele, The Transient Zeta Potential of Hydrating Cement, Chem 
Eng Sci 44 (1989) 1637-1645. 

[12] J.A. Lewis, H. Matsuyama, G. Kirby, S. Morissette, J.F. Young, 
Polyelectrolyte Effects on the Rheological Properties of Concentrated 
Cement Suspensions, J Am Ceram Soc 83 (2000), 1905-13. 

[13] P. Borget, L. Galmiche, J.-F. Le Meins, F. Lafuma, Microstructural 
characterisation and behaviour in different salt solutions of sodium 
polymethacrylate-g-PEO comb copolymers, Colloids and Surfaces A: 
Physicochem. Eng. Aspects 260 (2005) 173–182. 

[14] G.J. Fleer, M.A. Cohen Stuart, J.M.H.M. Scheutjens, T. Cosgrove, B. 
Vincent, Polymers at Interface, Chapman & Hall, London etc, 1998. 

[15] C. Geffroy, J. Persello, A. Foissy, B. Cabane, F. Tournilhac, The 
Frontier Between Adsorption and Precipitation of Polyacrylic Acid on 
Calcium Carbonate, Rev Inst Fr Pétrole 52 (1997)183-190. 

[16] P.F.G. Banfill, P. Bowen, R.J. Flatt, L. Galmiche, Y.F. Houst, A. 
Kauppi, F. Lafuma, P. Livesey, U. Mäder, B.O. Myrvold, F. Perche, 
B.G. Petersen, K. Reknes, I. Schober, D.S. Swift, Improved 
superplasticisers for high performance concrete: the SUPERPLAST 
project, submitted to this 12th ICCC. 

[17] C. Geffroy, A. Foissy, J. Persello, B. Cabane, Surface Complexation 
of Calcite by Carboxylates in Water, J Coll Interface Sci 211 (1999) 
45-53. 

[18] F. Perche, Adsorption de polycarboxylates et de lignosulfonates sur 
poudre modèle et ciments, Thèse EPFL No 3041, Lausanne, 2004. 
(Can be downloaded from http://library.epfl.ch/en/theses/?nr=3041) 

[19] R.W. O’Brien, Electroacoustic effects in a dilute suspension of 
spherical particles, J Fluid Mech 190 (1988) 71-86. 

[20] R.J. Hunter, Measuring Zeta Potential in Concentrated Industrial 
Slurries, Colloids & Surfaces 195 (2001) 205-214. 

[21] K. Yamada, S. Ogawa, S. Hanehara, Controlling of the Adsorption 
and Dispersing Force of Polycarboxylate-Type Superplasticizer by 
Sulfate Ion Concentration in Aqueous Phase, Cem Concr Res 31 
(2001) 375-383. 


