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Abstract

The zeta potential of early hydration products of cement was found to be a key factor for superplasticizer adsorption. A highly positive zeta
potential results in a strong superplasticizer adsorption whereas a negative zeta potential does not allow adsorption. Synthetic ettringite
precipitated from solution shows a highly positive zeta potential, hence it adsorbs great amounts of negatively charged superplasticizer.
Monosulfate (AFm) has a less positive zeta potential. Therefore, it adsorbs smaller amounts of superplasticizers. For syngenite, portlandite and
gypsum, the zeta potential is around zero or negative. These phases do not adsorb superplasticizers. Consequently, a hydrating cement grain is best
represented by a mosaic structure, with superplasticizer molecules mainly adsorbed on ettringite and some on monosulfate and C–S–H nucleated
at surface.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The interaction between superplasticizers and cement is still
under investigation. Major aspects are whether superplasticizers
adsorb evenly on the surface of a hydrating cement grain, and
whether superplasticizers are not only adsorbed, but also
absorbed. Cement grains show a mosaic surface resulting
from the different clinker phases. Previous studies of super-
plasticizer adsorption on the pure cement clinker phases C3S,
C2S, C3A and C2(A,F) revealed that much higher adsorption
occurs on the aluminate and ferrite than on the silicate phases
[1]. Earlier studies on C–S–H phases conclude that their initial
zeta potential is negative, but may become positive as the Ca2+

concentration in the cement pore solution increases and
adsorption of Ca2+ on the C–S–H phases occurs [2–4].
Hence, superplasticizers may also adsorb onto C–S–H phases.
Due to the high specific surface area of C–S–H (approx.
300 m2/g), however, the amount of polymer adsorbed per unit
area is relatively small (approx. 0.2 mg/m2). Several authors
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have shown that superplasticizers may adsorb also on inert
powders which are added to concrete or dry-mix mortars as
fillers or aggregates. Examples of such powders are fly ash,
limestone [5], silica fume [6] and clays [7]. The reason for
adsorption being electrostatic interaction between the admix-
tures and the charged surfaces of these powders.

For superplasticizer effectiveness, adsorption on
early cement hydration products such as ettringite
( [Ca6Al2 (OH)12 ] (SO4)3 ·26H2O) = AFt ) , monosulfate
( [ C a 4 A l 2 ( OH ) 1 2 ] ( S O 4 ) · 6 H 2O = A Fm ) , syngenite
(K2SO4·CaSO4·H2O), portlandite (Ca(OH)2) and gypsum
(CaSO4·2H2O) appears to be particularly significant. Several
authors have described single aspects of superplasticizer inter-
action with ettringite. Among them are studies on the amount of
ettringite produced in the presence of superplasticizer [8], on the
influence of β-naphthalene sulfonate formaldehyde (BNS) and
lignosulphonate on ettringite formation [9,10], and on BNS
adsorption on initial ettringite crystallites [11]. Intercalation of
BNS into a layered calcium aluminate phase has been shown as
the first example of superplasticizer absorption by a cement
phase [12]. Most recently, intercalation of polycarboxylate
superplasticizers into a C3A hydration product also has been
described [13–15]. It was found that C3A hydrating in aqueous
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Fig. 1. Molecular structure of superplasticizers.
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polycarboxylate solution may partially incorporate the anionic
superplasticizer in between its [Ca2Al(OH)6]

+ main layers. The
result is an organo-mineral phase with layered structure similar
to those of C2AH8 and C4AH13, resp., but with a much wider
interlayer distance because of the comb polymer. Thus, surface
adsorption and incorporation into the crystal structure (chem-
isorption) are two principal ways of interaction between an
admixture and cement.

Upon contact with water, an electrochemical double layer is
formed on the surface of cement particles [16]. The electric
charge on the surface of the hydrate phase depends on the
chemical nature of the phase and the ions in the cement pore
water. Major differences with respect to the sign and absolute
value of hydrate phases can be expected. Superplasticizer
adsorption is possible only when the particle charge is positive,
or when the superplasticizer molecule desorbs an already
adsorbed anion (e.g. OH− or SO4

2−).
Themain purpose of this studywas to investigate the influence

of the zeta potential of early cement hydration products,
Table 1
Chemical composition, analytical data and dosage of superplasticizers

SP Melamine:CH2O:sulfite resp. β-naphthalene-sulfonic acid:
CH2O

Mw

[Da]

PMS 1:3:1 102,920
BNS 1:1.2 118,800

Methacrylic
acid (p)

MPEG Methacrylate
ester (m)

Methallyl
sulfonic acid (q)

Mw

[Da]

PC-a 3 0.5 0.2 74,400
PC-b 3 1 0.2 81,500
PC-c 3 2 0.4 74,500
particularly ettringite, monosulfate, syngenite, portlandite, and
gypsum, on superplasticizer adsorption. For this purpose, these
hydrate phases were synthesized and their zeta potential was
measured by using an instrument based on the electroacoustic
method. It is capable of measuring at water/solids concentrations
of approx. 0.5, thus simulating realistic conditions in a cement
paste. To study the impact of chemical structure of super-
plasticizer molecules on adsorption, polycondensates based on
melamine and naphthalene chemistry and polycarboxylates based
on methacrylic acid/ω-methoxy poly(ethyleneglycol)methacry-
late ester copolymer were synthesized.

2. Experimental

Ettringite was synthesized under N2 atmosphere from
solution according to Struble [17] by combining aqueous
solutions of aluminium sulphate and lime in stoichiometric
quantities. Syngenite was precipitated by combining solutions
of CaCl2 and K2SO4 (3 h, 40 °C), whereas monosulfate was
formed in a suspension of monocalcium aluminate (CaO·Al2O3),
calcium oxide and anhydrite (CaSO4) at 0 °C for two days and
additional 3 month storage at room temperature. To obtain port-
landite, freshly calcined calcium oxide was dispersed in water,
yielding an active suspension of 0.6 wt.% Ca(OH)2. For adsorp-
tion on gypsum, 99.7% pure grade CaSO4·2H2O was suspended
in water to obtain a 1 wt.% active slurry. BET (N2) specific
surface areas were measured by continuously drying the crys-
talline material for 12 h in a desiccator (silica pearls) under
constant N2 stream at room temperature. Heating was avoided
because of potential decomposition of the phases.

The zeta potential of the hydration phases was measured
from the suspensions as obtained in the synthesis process (ettrin-
gite, monosulfate), or from the aqueous suspensions as above
(Ca(OH)2, gypsum). The value of the zeta potential was calc-
ulated from the colloidal vibration current (CVI) which was
determined by electroacoustic measurement, performed by using
a DT 1200 instrument from Dispersion Technology [18,19].

Chemical composition, molecular structure, molar masses
(Mw, Mn) and anionic charge densities of the self-prepared
superplasticizers are given in Fig. 1 and Table 1, respectively.
Molar masses were obtained by gel permeation chromatography
(GPC) using Waters Alliance 2695, pre column Ultrahydrogel,
main columns OH Aquagel 120, 150 and 500; eluent 0.1 m
Mn

[Da]
Polydispersity index
Mw/Mn

Anionic charge density
10−6 Eq/g

Dosage
[wt.%]

20,390 5.05 4110 0.25
– – 3780 0.25

Mn

[Da]
Mw/Mn Anionic charge density

10−6 Eq/g
Dosage
[wt.%]

39,100 1.90 1340 0.04
42,800 1.90 980 0.10
47,300 1.58 430 0.19



Table 2
Zeta potential, BET surface and adsorbed amount of superplasticizer on early cement hydration phases

Hydration
phase

Zeta
potential
[mV]

BET
[m2/g]

Adsorption of superplasticizer

PMS BNS PC-a PC-b PC-c

Adsorbed amount Adsorbed amount Adsorbed amount Adsorbed amount Adsorbed amount

mg/g mg/m2 % mg/g mg/m2 % mg/g mg/m2 % mg/g mg/m2 % mg/g mg/m2 %

Ettringite +4.15 5.4 111 20.56 43 113 20.93 44 28 5.19 45 27 5.00 26 17 3.15 15
Monosulfate +2.84 5.3 29 5.47 12 27 5.09 11 11 2.08 29 14 2.64 13 12 2.26 6
Syngenite +0.49 4.7 0.37 0.08 15 0.20 0.04 8 0.05 0.01 14 0.12 0.03 12 0.13 0.03 7
Portlandite −4.40 n.d. – – 0 – – 0 – – 0 – – 0 – – 0
Gypsum −0.06 n.d. – – 0 – – 0 – – 0 – – 0 – – 0

Fig. 2. Adsorbed amounts of superplasticizers on ettringite in case of early and
delayed addition.
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NaNO3, pH 12 (NaOH). The side chain length (number of
ethylenoxide units, nEO) of all polycarboxylates was 45. Mw for
BNS was obtained by batch measurement because it cannot be
chromatographed. In aqueous systems, it is retained in the
column. Anionic charge density of all superplasticizers was
determined in cement pore solution by polyelectrolyte titration
using cationic poly(DADMAC) as titrator.

Superplasticizer adsorption on ettringite was determined
under two different conditions: (a) addition of superplasticizer
at the beginning of the crystallization process. This experiment
simulates ettringite crystallization in a superplasticizer treated
cement slurry; or (b) after completion of the hydration phase
synthesis (2 h). This experiment simulates delayed super-
plasticizer addition. The dosage of the superplasticizers varied
depending on its effectiveness in plasticizing cement paste (see
Table 1). The unbound water was recovered by centrifugation of
the slurry. Superplasticizer content in the filtrate was measured
by TOC analysis using a High TOC II from Elementar (Hanau,
Germany). Adsorption was calculated by subtracting super-
plasticizer concentration in the filtrate from initial super-
plasticizer concentration.

3. Results and discussion

Table 2 presents the zeta potentials and BET surface areas
of the pure early hydration phases. With a zeta potential of
+ 4.15 mV, ettringite has by far the highest positive value for all
phases. Its BET surface area was found to be 5.4 m2/g. Because
of this positive zeta potential, ettringite should have the highest
potential to adsorb negatively charged superplasticizers. A
positive zeta potential of +2.84 mV, though not as high as for
ettringite, was measured for monosulfate. Its surface area
(5.3 m2/g) is comparible with ettringite. The zeta potentials for
all other hydration products are either almost zero or negative,
giving no favourable combination for the adsorption of
negatively charged superplasticizers via electrostatic attraction.
It should be noted that the absolute zeta potential values of the
phases may vary during the precipitation process and also when
formed from different cements. The reason being that it depends
on the concentration of potential determining ions which will
vary with cement composition and during the hydration process.

The adsorption data of different superplasticizers on
ettringite, monosulfate and syngenite is presented in Table 2.
The adsorption of superplasticizers on portlandite and gypsum
was negligible (b5%). The data allows the conclusions as
follows:

1. The adsorbed amount of superplasticizer strongly depends
on the existence of a positive zeta potential of the hydration
phase. Therefore, ettringite is able to adsorb high quantities
of negatively charged superplasticizers. Mineral phases with
a zeta potential around zero or even a negative zeta potential
do not adsorb significant amounts of superplasticizers.

2. High surface area by itself does not lead to adsorption if the
zeta potential is negative or only slightly positive. Thus, a
positive zeta potential is a key factor for adsorption.

3. At comparable specific surface area, ettringite shows 2–4
times more polymer adsorbed per surface area than
monosulfate.

4. Generally, the adsorbed amount of polycondensates (in mg/g
or mg/m2) is much higher than for polycarboxylates (approx.
20 vs. 3–5 mg/m2 on ettringite). This is in line with the
experimentally determined anionic charge densities of the
superplasticizers. It confirms that polycondensates achieve
its dispersion capability mainly through electrostatic repul-
sion mechanism.

5. The adsorption ratio of polycarboxylates also depends on
their anionic charge density: the higher this charge density,



Fig. 3. ESEM micrograph of ettringite, prepared in the absence (left) and presence of PMS (right).
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the stronger the adsorption. Therefore, PC-a showing high
anionic character has much higher adsorption rate than PC-c.

The very different adsorption behaviour of polycondensate
and polycarboxylate type superplasticizers on early hydration
products helps to understand the different dosages of super-
plasticizer required for cements of diverse composition. In
many cases, these were attributed to variations in aluminate
content in the cements [20–26]. Obviously, the ettringite formed
from the aluminate phase of the cement and CaSO4·nH2O
determines the dosage of superplasticizer to a great extent. Also,
the rate of formation and the crystal size and shape (surface
area) of ettringite will influence superplasticizer dosage. Mono-
sulfate has less and all other early hydration phases show
practically no effect on superplasticizer dosage. This under-
scores the importance of ettringite for cement–superplasticizer
interaction.

Only for ettringite, a big difference between the adsorbed
amount of polycondensate added at the beginning or at the end
of the crystallization process was observed. Fig. 2 shows the
adsorbed amounts for all superplasticizers for addition at the
beginning and after completion of ettringite crystallization. As
can be seen, the adsorbed amounts of polycondensates (PMS,
BNS) are approx. 50% less when these superplasticizers are
added at the end of the crystallization process. This effect might
be explained by a decrease in zeta potential, specific surface
area or rate of formation of ettringite during the crystallization
process. Hence, when polycondensates are present during the
crystallization process, higher amounts of superplasticizer are
Fig. 4. ESEM micrograph of syngenite, prepared in
required [27,28]. This result confirms the benefit of delayed
addition known frompractical use of polycondensates in concrete.

The adsorbed superplasticizers not only change the zeta
potential, but also the size and morphology of the hydrate
phases. Fig. 3 shows an environmental scanning electron
micrograph (ESEM) of two different samples of ettringite. The
first sample was precipitated in the absence of a superplasticizer,
whereas the second one was prepared in the presence of PMS.
In the presence of PMS, the ettringite crystals are much smaller.
Also, the morphology changes from long and thin to short and
compact needles. Similar effects were found also for BNS and
polycarboxylate type superplasticizers. Most likely, the changes
in size and morphology of the crystals induced by super-
plasticizers are either based upon a higher rate of nuclei
formation or on preferred adsorption on specific crystal faces,
thus preventing normal growth of the crystals. In contrast,
crystal size and morphology of monosulfate and syngenite
which show a very low zeta potential and do not adsorb any
superplasticizer, were not changed in the presence of super-
plasticizers (see Fig. 4).

4. Conclusion

A positive zeta potential is necessary to achieve high
superplasticizer adsorption. Among early cement hydration
phases, ettringite and, to a less extent, monosulfate show
positive zeta potentials. Therefore, they adsorb high amounts of
superplasticizers. Syngenite, portlandite and gypsum show zero
or negative zeta potentials and do not adsorb superplasticizers.
the absence (left) and presence of PMS (right).



Fig. 5. Schematic representation of the cross section of a hydrating cement grain showing uneven polymer distribution on its surface.
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Consequently, superplasticizers adsorbing on a hydrating
cement grain are mainly concentrated on spots where ettringite
crystallizes. The result is a mosaic structure for the hydrating
cement grains with uneven distribution of polymer molecules
on its surface. Fig. 5 gives a schematic representation of the
formation of adsorbed polymer layer on a cement grain during
its early hydration.

The absolute values of zeta potential for ettringite or any
other mineral phase depend on the concentration of potential
determining ions present in the pore solution. While these may
vary with cement composition, w/c ratio, time of hydration etc.,
the same relative order of zeta potential values for different
hydration phases and minerals present can be expected.

Zeta potential measurement of any cement or filler material
(e.g. limestone, fly ash, slag etc.) allows to quickly determine its
potential for admixture adsorption. Such results combined with
data on specific surface area can provide a rough assessment of
superplasticizer dosage required to disperse a given system. It
also provides insight into cement–superplasticizer interaction.
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