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This parametric study links the molecular structure of a carboxylate-type of superplasticizer with their
performance in cement pastes with different C3A-contents. Beside the variation of the C3A-content, the
experimental synthesized superplasticizers have been varied by polyethylene-oxide side chain density
and length. The connection between the superplasticizers, their effect on workability properties and
retardation phenomenon and the dependency of C3A-content in the cement paste has been investigated.

The characteristic interaction phenomenons between different PCE-architectures and different C3A-
contents have been examined by calorimetric, rheological, adsorption, and zeta potential measurements.
This study shows that with decreasing side chain density the PCE molecules adsorb stronger and thus,
lower the yield stress of a cement paste by steric stabilization. It is also shown that PCE molecules with
long side chains delaying the setting of the cement paste to less extend than PCE molecules with shorter
side chains. Consequently, in terms of optimization of the molecular architecture, good workability can
be achieved by addition of highly charged PCE with long side chains. The latter minimizes undesired
retardation phenomena.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Superplasticizers are frequently used in concrete technology in
order to improve the workability of mortar and concrete systems
for demanding applications. The addition of superplasticizers is
aiming at two objectives: first, the addition of superplasticizers al-
lows controlling the flow properties, which are of major impor-
tance for the design of, e.g., self-compacting concretes, and
second, superplasticizers allow the reduction of the water to ce-
ment ratio while maintaining workability in order to reach high
strength and durability.

The properties of cement–water systems are depending on
various chemical and physical parameters. The precipitation of
hydrate phases during early hydration (up to 3 h until setting)
and thus workability are affected on one hand by the chemical
composition of the clinker, essentially its C3A-content, the avail-
ability of soluble sulphates and the chemical composition of the
pore solution. On the other hand, physical properties such as
particle size distribution, packing density, surface area and the
ll rights reserved.

roup Support Ltd., Im Scha-
interparticle forces govern the rheological behaviour of cement
pastes.

The cement–water system is highly sensitive to the addition of
superplasticizers. Already small amounts of superplasticizers en-
hance the workability properties efficiently, but are often associ-
ated with strong, undesired retardation phenomena of the setting
of the cement paste.

Newer superplasticizer generations are based on comb-shaped
polycarboxylates (as used in this study, hereinafter called PCE).
Their dispersing effect is due to the adsorption of polymers on par-
ticle surfaces and evocation of electrostatic and/or steric repulsive
forces [1,2]. Those mechanisms can be derived from theories of col-
loidal sciences [3–5].

The addition of superplasticizers impacts the interface between
particle surface and the pore solution and influences physical prop-
erties such as viscosity and yield stress of the paste. The adsorption
behaviour depends on the PCE architectures. The molecules are
comb-shaped, consisting of an adsorptive backbone unit and a
hydrophilic polyethylene-oxide (PEO) side chain [6]. Both parame-
ter, side chain length and side chain density, can be varied in order
to take control of the adsorption behaviour and dispersion ability.

By changing PCE architecture and dosage, workability proper-
ties and prolongation of the dormant period can be controlled
[7–11]. Despite numerous research project have been carried out
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on the subject cement–superplasticizer interaction, many ques-
tions remain unsolved. Certain cement–superplasticizer combina-
tions are incompatible [12–14] exhibiting poor flow behaviour,
early slump loss, strong retardation or flash set.

The study presented here is part of a project where macro-
scopic phenomena of cementitious suspensions containing
superplasticizers [15–17] are linked to their microstructural evo-
lution [18,19] during early hydration up to setting. This paper
aims to contribute to a better understanding of the interaction
mechanisms of PCE with cement of different C3A-contents (all ce-
ments are CEM I 42.5 N types) in fresh cement pastes. In this
parametric study, the PCE-architecture (side chain density, side
chain length) and the C3A-content of cement are systematically
varied.

The interaction between cement and superplasticizers is inves-
tigated using isothermal calorimetry, rheology measurements,
TOC anaylsis and zeta potential measurements. Adsorption data
are gained in order to quantify the amount of superplasticizer in-
volved in the electrostatic and/or steric stabilization of a fresh ce-
ment paste. The impact of adsorbed PCE on the interparticle
forces is followed by recording the zeta potential of the cement
pastes. Rheological and calorimetric measurements are carried
out in order to get a better understanding for the paste rheology
and for the heat of hydration evolution for each cement–superp-
lasticizer couple.

2. Materials

2.1. Superplasticizers

For this study, three comb-shaped polycaboxylate-type superp-
lasticizers (PCE) were synthesized. Methylpolyethyleneglycol
copolymers (side chains) were grafted on a methacrylic acid
copolymer (backbone). The polymer architecture is varied by using
different side chain densities and lengths. The chemical structure is
shown in Fig. 1.

The PCEs were synthesized as follows: preformation of mono
unsaturated ‘‘teeth” and linking of (meth)acrylic acid units with al-
kyl-polyethylene glycols followed by radical copolymerization with
additional (meth)acrylic acids as described in Winnefeld et al. [15].
In order to ensure the same reaction kinetics, the molar concentra-
tions of all monomers were kept constant during the polymeriza-
tion which leads to different final solid contents of the products.
This circumstance was compensated in all paste and mortar tests
by referring to the dry matter of the admixture and correcting the
water/cement ratio by the water content of the polymer solution.
However, for certain data comparisons of the different polymer
architectures, it is useful to refer to the charge density (mol carbox-
ylic acid groups per gram cement). The used PCE architectures
and their molecular characteristics as well as their calculated
Fig. 1. Chemical structure of the experimental superplasticizers (copolymers of
methylpolyethyleneglycol-methacrylate and methacrylic acid, sodium salts) with
back bone (n) to side chain (m) unit ratio of n:m = 2:1, and 6:1; number of PEO units
(p) in the side chains: p = 23 and 102.
(theoretical) charge densities are listed in Table 1. Generally, the
charge density increases with lower side chain density and shorter
side chain length (charge density PCE 23-6 > PCE 102-6 > PCE 102-
2). All superplasticizers were applied as sodium salts.

2.2. Portland cements

Three ordinary Portland cements (CEM I 42.5 N) according to
European Standard EN 197-1 have been used for this study (Table
2). According to Bogue calculations (Table 3), these cements exhi-
bit C3A-contents of 1% (L-OPC), 8% (M-OPC), and 10% (H-OPC)
respectively. The cements also differ in their Al2O3/SO3 ratio (1.9,
1.7, and 2.1, respectively). Their specific surfaces (Blaine values)
range within 3000–3600 cm2/g.
3. Sample preparations and methods

In order to compare the results obtained from different mea-
surement methods, water to cement ratio of 0.35, hydration times
and PCE concentrations were kept constant. Variations will be
mentioned in the relevant sections. For all measurements, except
for the zeta potential titration experiments, simultaneous addition
of PCE was applied. The PCE solutions and water were premixed
whereas for the zeta potential measurements the PCE was titrated
after mixing the cements with water.

3.1. Conduction calorimetry

All experiments were carried out using an isothermal heat flow
calorimeter (Thermometric TAM Air) at a measurement tempera-
ture of 20 �C. For each sample 6.00 g of cement were weighted into
a flask and 2.10 ml of water or water-admixture solution (0.10%,
0.20%, and 0.30% of cement weight) were added. The cement paste
was then mixed with a small stirrer for 2 min. Afterwards, the flask
was capped and placed into the calorimeter. Note that the initial
heat peak is not recorded due to external mixing. The heat flow
was recorded for 72 h.

The onset of the acceleration period was derived from the calo-
rimetric curve in two steps: first, determination of minimum heat
flow during the dormant period, second, addition of 0.25 J/(g h) to
the determined minimum value. The hydration time reached at the
onset of each cement–superplasticizer couple is then defined as
the starting time of the acceleration period. The value of the start-
ing time of the acceleration period (as described above) deter-
mined from the heat flow curve roughly corresponds to the
‘‘initial setting” determined by the Vicat needle test (according to
European Standard EN 196-3) given in Table 2. Hereinafter, the
term ‘‘setting time” is used for the determined start of the acceler-
ation period from the heat flux curve.

3.2. Rheology

A kitchen blender (Brown Multiquick 5550 M CA) was used for
mixing. All cement pastes were prepared by weighting 300 g of ce-
ment into the mixing bowl and by adding 105 g of water or water-
admixture solution (0.05%, 010%, 0.15%, and 0.20% of cement
weight). The mixing procedure was set to 60 s of mixing at stage
6, 30 s scraping the paste off the walls of the bowl by hand and
then again 60 s of mixing at the same stage. A Paar Physica MCR
300 rheometer with concentric cylindrical geometry was used for
these experiments. The rotating bob was serrated with 100 lm
deep vertical lines. The gap between the rotating bob and the cylin-
drical beaker was 1.13 mm with a ratio between outer and inner
cylinder of 1.08. The temperature of the cement paste was con-
trolled by a water bath and kept at 20 �C.



Table 1
Characterization of the polycarboxylate-ether superplasticizers.

Polymer Length of side chain p Density of side chains n:m Mn
a (g/mol) Mw

b (g/mol) PDI c (Mw/Mn) Solid content mass (%) Mol anionic sitesd (g PCE)

PCE 23-6 23 6:1 7600 18,900 2.5 13.8 3.4 � 10�3
PCE 102-2 102 2:1 16,800 78,000 4.7 46.3 4.2 � 10�4

PCE 102-6 102 6:1 14,600 67,000 4.6 21.0 1.1 � 10�3

a Mn = number-average molecular weight.
b Mw = mass-average molecular weight.
c PDI = Mn/Mw = polydispersity index.
d Calculated values.

Table 2
Chemical composition and calculated properties of the used ordinary Portland cements CEM I 42.5 N.

CaO
(wt.-%)

MgO
(wt.-%)

SiO2

(wt.-%)
Al2O3

(wt.-%)
Fe2O3

(wt.-%)
Na2O
(wt.-%)

K2O
(wt.-%)

SO3

(wt.-%)
CO2

(wt.-%)
LOIa

(wt.-%)
Free lime
(wt.-%)

Sp. surf.
(cm2/g)

Vicat setting
time (min)

L-OPC 61.2 1.8 18.7 4.3 6.2 0.13 1.0 2.3 2.56 2.75 0.47 3560 235
M-OPC 63.4 1.8 20.0 4.8 2.5 0.10 0.94 2.8 1.85 2.29 0.76 3150 200
H-OPC 61.8 2.1 19.2 5.4 2.8 0.33 0.95 2.6 2.79 3.35 1.14 3090 185

a Loss on ignition.

Table 3
Mineral composition after Bogue, calculated from XRF-data.

C3S (wt.-%) C2S (wt.-%) C3A (wt.-%) C4AF (wt.-%) CaSO4 (wt.-%) K2SO4 (wt.-%) Na2SO4 (wt.-%) CaO (wt.-%) CaCO3 (wt.-%)

L-OPC 54 15 1 20 2.5 1.6 0.1 0.5 5.8
M-OPC 57 16 8 8 3.1 1.7 0.1 0.8 4.2
H-OPC 54 17 10 9 2.8 1.5 0.3 1.1 4.0

A. Zingg et al. / Cement & Concrete Composites 31 (2009) 153–162 155
After blending, the cement paste was transferred into the mea-
surement beaker by a spoon. Then, the measuring system with a
rotating bob was lowered to measuring position and the beaker
was covered with a solvent trap to protect the sample from water
evaporation. The measurements were taken 5, 30, and 60 min after
blending performing 1 min pre-shearing at a shear rate of 100 s�1

in order to break particle agglomerates. Afterwards, a flow curve
with shear rates between 100 and 0.1 s�1 was recorded using a
ramp time of 5 s in the shear rate range of 100–1 s�1 and of 10 s
for shear rates below 1 s�1. Apparent yield stress and plastic vis-
cosity were calculated using the Bingham model.

3.3. Adsorption isotherms

To determine the superplasticizer adsorption isotherms, the
same blending procedure as for the rheology samples was used.
5, 30, and 60 min after mixing, the alkaline pore solution was re-
moved through a 0.45 lm Nylon filter by air pressure filtration.
1 ml of the solid free pore solution was then stabilized by adding
9 ml of 0.1 mol/l HCl. The total organic content (TOC) of the pore
solution samples were then determined by using a Shimadzu
TOC-Analyzer 5000 A. The consumed amount of PCE was calcu-
lated from reference TOC measurements of aqueous polymer
solutions.

In order to correct the adsorption measurements for the organic
content of the Portland cements due to e.g., grinding agents, TOC of
pore solutions of plain cement pastes were taken as well. In addi-
tion, the TOC content of the used deionized water was measured.
Both background values were taken into account when calculating
the consumed amounts of PCE.

3.4. Zeta potential

All zeta potential data were collected with the ZetaProbe (Col-
loidal Dynamics Inc.), which works on the basis of the electro-
acoustic method. A high frequency alternating electric field is
applied and causes charged particles to oscillate. The motion of
the particles generates a sound wave which is recorded and deliv-
ers the dynamic mobility of the suspended particles. The software
calculates the zeta potential from the dynamic mobility.

Foregoing the sample measurements, pH-meter (4.01, 7.01, and
10.01) and zeta dip probe (KSiW-standard, provided by Colloidal
Dynamics Inc.) were calibrated. All samples were measured in a
beaker and stirred (400 rpm) in order to prevent segregation. The
syringe-unit (titration unit) was washed prior to the use with the
titrant to insure its purity.

All cement pastes were blended using same procedure as for the
TOC and rheology experiments. Approximately 270 ml of cement
paste (beaker weighted empty and filled with cement paste for la-
ter corrections) was then transferred into the beaker. In a prelimin-
ary test series, all cement pastes used for this study were found to
yield a stable zeta potential after 15 min of hydration.

For the investigation of the impact of PCEs with different archi-
tectures on the zeta potential of the cement paste, concentration
series with constant titration increments of diluted PCE solution
of 0.025 weight percentages referring to cement were measured.
This experimental setup measures the impact of delayed PCE
addition.

The obtained raw data of for the zeta potential are strongly af-
fected by the fact that the pore solutions of cement pastes are
highly charged with various ionic species and charged polymer.
Therefore, background measurements were carried out using the
following procedure: first, pore solutions of each cement paste
was extracted by air pressure filtration and then diluted until the
conductivity of the cement paste after 15 min (�15–25 mS/cm)
was reached. Second, background measurements of different con-
ductivity levels from 15 to 25 mS/cm (increment of 1 mS/cm) were
measured because the conductivity of cement pastes increases with
time. Third, PCE was titrated to a 18 mS/cm pore solution. After
each titration step a background measurement was taken. Subse-
quent to each experiment, the raw data collected by the ZetaProbe
was recalculated by applying the corresponding conductivity/PCE
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titration background files (taken for each titration step as described
above).

4. Results and discussion

4.1. Conduction calorimetry

The heat evolution of cement pastes depends on one hand on
the mineralogical composition and on the other hand on physical
parameters such as fineness and particle size distribution of the ce-
ment. At this early stage of hydration, the C3A-content and the
availability of sulphates which determines type and amount of
hydration products, is a key factor. The total hydration reactions
can be followed by recording the heat flow of the cement paste.

Directly after addition of water to the cement, a part of the C3A
dissolves quickly. This leads to formation of ettringite if sufficient
sulphate ions are provided [20]. Otherwise, flash setting of the ce-
ment paste could occur. It has to be kept in mind that this study
uses commercial available cements and therefore, their sulphate
contents had been adjusted in order to prevent flash setting. Fur-
thermore, the setting times for all three cements ranges from
185 (H-OPC) to 235 (L-OPC) minutes (Table 3) and are within the
requirements of European standard EN 197-1.

The heat flow curves of the three cement pastes exhibiting dif-
ferent C3A-contents are shown in Fig. 2. Higher C3A-contents result
in higher heat release during the dormant period. This higher heat
flow indicates an exothermal process, which may be related to in-
creased formation of ettringite. The main hydration peak of H-OPC
is broader and the peak height is lower than for L-OPC and M-OPC.
Due to the high amount of Al2O3 in the cement, in H-OPC cement
pastes the sulphate is probably earlier exhausted than in L-OPC
and M-OPC cement pastes. According to the literature [21–24],
the right part of the peak can be assigned probably to the so-called
sulphate depletion peak. C3S hydration (probably left part of the
peak) and sulphate depletion peak do overlap less in H-OPC paste
compared to M-OPC and L-OPC.

The presence of PCE generally shows some retarding effect on
the start of the acceleration period of cement pastes. The higher
the charge density of a PCE (Fig. 3, left column) and the higher
the PCE dosage (Fig. 3, right column), the stronger the setting is de-
layed. With increasing contents of C3A in the cement pastes the
retardation effect of the PCEs decreases independent of their archi-
tecture and dosage (Fig. 3, increasing C3A-content from top to
bottom).
Fig. 2. Conduction calorimetry curves: heat flows of L-OPC, M-OPC and H-OPC
cement pastes with w/c 0.35 measured for 72 h. The noted setting times are set
equal to the start of the acceleration period.
Generally, PCE 102-2 shows the smallest influence on the ce-
ment pastes concerning the delay of the onset of the acceleration
period (Fig. 3, left column). Even at higher concentrations, PCE
102-2 does hardly retard the onset of the acceleration period and
does not influence the main hydration peak shape. This indicates
no or only little interaction between the PCE molecules and the
mineral phases of the cement paste (i.e. adsorption), because (i)
the charge density is low (high side chain density) and (ii) the high
side chain length allows only poor accessibility to the anionic sites
of PCE 102-2 and thus, adsorption is hindered.

Generally, the presence of higher charged PCE (23-6 and 102-6)
lead to a shift of the main hydration peak to the right and thus de-
lays the acceleration period of the cement paste (L-OPC and M-
OPC). Decreasing side chain density (PCE 102-6 < PCE 102-2) and
shorter side chains (PCE 23-6 < PCE 102-6) prolong the setting
times, whereas the latter effect is more pronounced. Similar results
are reported by other authors [8,10]. Generally it is assumed, that
PCE molecules preferably adsorb on C3A, C4AF and their hydration
products. However, they mainly retard C3S hydration [16,25,26],
thus delaying the formation of C–S–H and portlandite. These find-
ings are supported by TGA data taken from Winnefeld et al. [16] in
Fig. 4 where the formation of portlandite starts after 4 h in a M-
OPC paste (w/c = 0.35) without PCE (start of acceleration period)
whereas with 0.2 wt.-% PCE 23-6 (system still in dormant period)
no portlandite is formed at this time. The formation of portlandite
in the paste (w/c = 0.35) with PCE starts after 18 h (start of acceler-
ation period). No significant difference between the amounts of
portlandite in the two pastes could be observed after 28 days. In
addition, no delay of ettringite formation nor significant differ-
ences in the amount of ettringite precipitated was observed.

The presence of highly charged PCE (23-6 and 102-6) not only
shift the main hydration peak of H-OPC cement pastes (Fig. 3, right
figure bottom row) but also changes the peak shape. The peaks are
the sum of simultaneous ongoing hydration processes of different
clinker phases and thus, interpretations of peak shape and its
changes in presence of PCE are difficult. However, even at low con-
centrations of PCE 102-6 (almost no retardation) the shape of the
main hydration peak is narrower and its intensity higher.

One mechanism could be a simple peak shift in presence of PCE,
where the C3S hydration peak and the sulphate depletion peak
completely overlap. A shift of the sulphate depletion peak to the
left would imply earlier exhaust of sulphate and thus implies that
in presence of PCE 23-6 and PCE 102-6, the renewal of C3A hydra-
tion would occur earlier and roughly at the same time as the C3S
hydration. Consequently, in presence of high charged PCE, the con-
sumption of sulphate must be increased. Other studies have mea-
sured increased amount of monosulphate and suggest a so-called
orangomineral phase in presence of PCE [27,28]. However, it is
not clear, how and to what extend the available amount and con-
centration of sulphate ions are influenced by the formation of such
organomineral phases or vice versa. Another study by Peng [29]
has shown, that PCE molecules can be adsorbed on gypsum sur-
faces as well. One could hypothesize, that the early formation of
monosulphate phases are not due to intercalation of organominer-
al phases but due to hindrance of dissolution of sulphate of PCE-
coated sulphate phases and thus, decreased availability of
sulphate.

Another mechanism could be a shift of the sulphate depletion in
presence of PCE 23-6 and PCE 102-6 to the right, indicated by the
shoulder after the main hydration peak. This could be due to com-
petitive adsorption between sulphate ions and the carboxylic
groups of the PCE molecules during initial hydration [30,31]. Par-
tial (or total) replacement of sulphate by PCE molecules in the dou-
ble layer leads to less sulphate consumption and thus would
ensure a sufficient supply of sulphate ions during the acceleration
period and main hydration later on. This hypothesis fits well the
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Fig. 3. Conduction calorimetry curves: heat flow of cement pastes with w/c 0.35 measured for 72 h. The C3A-contents of the cements increase from top to bottom row. The
left column shows the influence of PCE architecture; the right column shows the influence of dosage (PCE 102-6).
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presented result obtained from calorimetry where the shoulder
after the main hydration peak may indicate the remnant of the sul-
phate depletion peak.

4.2. Rheology

In this study, apparent yield stresses of cement pastes after 5,
30, and 60 min of hydration were measured. This paper reports
only the 5 min data because all samples show only slight increases
of yield stress within the first 60 min.

The apparent yield stresses of plain L-OPC and M-OPC pastes are
about 30 Pa whereas for the H-OPC a significantly higher (55 Pa)
yield stress was measured (Fig. 5, C3A-content increases from top
to bottom). Due to its C3A-content [32] the latter cement system
produces higher amounts of ettringite. The formation of ettringite
consumes a reasonable amount of water and thus, the volume of
free pore solution is reduced, while the solid content increases.

Independent of the C3A-content of the cement it turned out,
that a low charge density PCE (high side chain density and long
side chains) hardly affects the yield stress of the cement paste. De-
spite long polyethylene-oxide side chains are thought to increase
the paste fluidity by steric repulsive forces [1,8,33], the combina-
tion with a high side chain density seem to prevent PCE adsorption
and thus, steric stabilization of the paste. With increasing charge
densities, the fluidization ability of the PCE improves significantly.
Above a certain side chain density (around 4:1), the influence of
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the side chain length was found to be negligible in a previous study
[15,16]. Both, PCE 23-6 and PCE 102-6 are capable to lower appar-
ent yield stress already at low concentrations (Fig. 5). However, an
increased PCE 102-6 concentration leads to bleeding phenomenon
at lower concentrations than PCE 23-6 does. This observation is
supported by slump flow measurements on mortars (unpublished
results) where PCE 102-6 shows better flow behaviour than PCE
23-6 does. In addition, Fig. 6 shows that with same charge density,
PCE 102-6 decreases the yield stress more efficiently than PCE 23-
6. Remember, in this study the backbones of all PCEs were kept
roughly at constant lengths. Therefore, in terms of charge densities,
the comparison of the yield stress values referred to mol anionic
sites of the PCE (mol anionic sites/g cement) is much more reason-
able. After Plank et al. [31], the carbon bonds of the side chains of
polycarboxylates have high rotational degrees of freedom. There-
fore, it can be assumed, that PCE 23-6 and PCE 102-6 molecules
have the same adsorption abilities but differ in their potential for
steric repulsion, where PCE 102-6 with longer side chains is more
efficient.

4.3. Adsorption of PCE

No significant differences in the adsorption isotherms after 5,
30, and 60 min have been found. This indicates a rapid PCE
adsorption process shortly after contact of the cement powder
with water. Assuming that polyethylene-oxide side chains are
very flexible, the backbone charge density should be the decisive
parameter which mainly determines the adsorption ability of
a PCE molecule. In addition, a previous study on similar ce-
ment–water–superplasticizers systems revealed, that the PCE
fraction with the higher molecular weight is adsorbed preferably
[15,34].

Increasing C3A-content of the cement leads to higher PCE
adsorption (Fig. 7, C3A-content increases from top to bottom) and
requires higher PCE concentrations in order to reach saturation.
This may be an indication of preferred PCE adsorption on alumi-
nate phases, which is supported by a study of Yoshioka [35]. They
carried out their investigation on pure clinker phases and could
show a preferred PCE adsorption on C3A and C4AF and their hydra-
tion products.

Independent of the C3A content of the cement paste, PCE 102-2
(high side chain density and high side chain length, low charge
density) does hardly adsorb. This result fits well the obtained yield
stresses of the same cement pastes, where PCE 102-2 shows only
minor influenced on paste rheology. It can be concluded, despite
the very flexible carbon bonds of the PEO side chains [31], that
the accessibility of the carboxyl-groups for PCE with high side
chain density is hindered and thus, strong adsorption such as ionic
binding is not possible. With increasing side chain length and den-
sity, the carboxyl equivalents (mol carboxyl groups/g PCE) increase
and thus, lead to lower the charge densities.

Generally, the PCE adsorb increasingly with decreasing side
chain density. Above a ratio of four backbone units to one side
chain unit [15], the influence of side chain length seems to be neg-
ligible (Fig. 7) as shown in e previous study. The graph of PCE 23-6
is congruent with the one of PCE 102-6. However, if the charge
densities are compared, PCE 102-6 reaches saturation at a lower
adsorbed carboxyl groups. This might be due to the fact, that the
steric action radii of the longer side chains of PCE 102-6 are larger
than PCE 23-6 and thus, less molecules are needed in order to
reach the same fluidization state. Despite lower saturation concen-
trations the efficiency of the larger PEO side chains seems to have
stronger influences on the workability of a cement paste. This can
be attributed to higher steric repulsive forces of the longer PEO
side chains.

However, by TOC analysis of the pore solution, the amount of
PCE adsorbed on cement and hydrate particles is measured indi-
rectly and may not represent the actual amount of PCE adsorbed.
According to Flatt and Houst [28], the term ‘‘consumption” should
be used rather than ‘‘adsorption” because adsorbed PCE and inter-
calated PCE can not be distinguished. However, PCE coprecipitation
with mineral phases (e.g. monosulfate, monocarbonate) and thus
the formation of organomineral-phases, may act as a chemical sink
for PCE molecules. According to Plank et al. [27], PCE with short
side chain length shows higher affinity for intercalation and thus,
formation of organomineral phases. Intercalation counteracts the
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Fig. 5. Apparent yield stresses (Bingham model) measured on cement pastes with
w/c 0.35 containing PCE (0.00%, 0.05%, 010%, 0.15%, and 0.20% weight of cement)
after 5 min of hydration. The C3A-contents of the cements increase from top to
bottom row.
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dispersion ability of the PCE. This is especially the case for cements
where a high level of C3A is combined with insufficient supply of
sulphate (high Al2O3/SO3 ratios) during early hydration.
4.4. Zeta potential

Dealing with cement–superplasticizer interaction phenome-
nons, the question about the relevant interparticle forces is of ma-
jor importance. Surface charges and the availability of ionic species
(counter-ions) and thus the constitution of the diffuse double layer
determine the behaviour of two approaching particles. The zeta po-
tential represents the potential at the slip surface where a particle
in motion separates from the surrounding liquid phase. It is the po-
tential that an approaching particle ‘‘feels”.

After (initial period) 15 min, all cement pastes reach an ‘‘appar-
ent” steady state with zeta potentials between �5 and �7 mV
(Fig. 8, C3A-content increases from top to bottom). Those zeta
potentials are in good agreement with values reported in literature
[5,36]. The negative zeta potentials are probably due to negative
zeta potential of C3S and C2S [35] as the major components in the
cement. But this is discussed controversially in literature where
for the C3S also positive zeta potentials [17,37–39] are given. Other
studies report positive zeta potentials [40,41] or both, negative and
positive zeta potentials [3,42] for cement pastes. However, the ce-
ments used in those papers differ in their mineralogical composi-
tion, the reactivity of their components and thus, in composition
of their pore solutions. Note that often publications lack precise
information about the experimental setup and sample parameters
used and thus, direct comparisons of the data are difficult.

In this study, the zeta potentials for the plain cement pastes are
found to be stable between 15 and 60 min of hydration, indepen-
dent of the C3A-content. After 60 min a slight increase of around
2–4 mV could be observed. This may result in a stronger floccula-
tion of the cement paste which is in agreement with the slight in-
crease of its yield stress and viscosity. The slow but still ongoing
formation of ettringite during the dormant period could be an
explanation for this behaviour.

In contrast to the stable zeta potential of cement pastes, their
conductivity increases with evolving hydration time and is mainly
influenced by dissolution, formation of hydrate phases and thus,
evolution of solid content. Throughout preliminary titration stud-
ies, cement pastes consistently showed lower increase of conduc-
tivity with increasing PCE contents (Fig. 8). This fact may indicate
either complexation of cations by anionic PCE molecules or slowed
dissolution caused by adsorption and coverage of PCE molecules on
clinker surfaces. The latter may act as diffusion barriers and lower-
ing the surface area of C3A directly connected with the pore solu-
tion. Other investigations have found the complexiation to be
negligible as the chemical composition of the pore solution evolves
independent of PCE presence [25] or have found complexes with
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Fig. 7. Adsorption isotherms (obtained from TOC analysis) of cement pastes are
shown with w/c 0.35 containing PCE (0.00%, 0.05%, 010%, 0.15%, and 0.20% weight of
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calcium ions exhibiting only low stability constants [43]. Therefore,
the mechanism of PCE adsorption and formation of diffusion barri-
ers is favoured.

The titration of cement pastes with higher charged PCE 23-6
and PCE 102-6 leads to a zeta potential shift close to zero charge
(Fig. 9) and reach saturation concentrations below 0.1 wt.-%. De-
spite similar adsorption isotherms (Fig. 7), the impact of side chain
length on the zeta potential shows some C3A-content dependency.
PCE 102-6 reaches its saturation concentration in the L-OPC system
faster than PCE 23-6. In the cement paste with medium C3A-con-
tent (M-OPC) both PCE reach saturation at the same concentration
whereas in the H-OPC, PCE 102-6 shows higher saturation concen-
tration than PCE 23-6 does. This difference in C3A-content depen-
dency might be due to different adsorption rate which probably
depends on the PCE architecture where on one hand the long side
chained PCEs adsorb slower and on the other hand, the amount and
dissolution rate of the C3A may play a key role. In other words, the
higher the amount of C3A and the higher its reactivity, the more the
interaction seems to be governed by the PCE adsorption rate. An-
other difference can be observed in the ability to shift the zeta
potentials: both are close to zero, but PCE 23-6 stays negative
whereas PCE 102-6 shows positive potentials. This is in agreement
with findings of Plank et al. [5], where very long side chained PCE’s
are proved to change the negative into positive zeta potentials.
This could be due to the fact that at same weight concentration,
much more carboxylic groups are available with PCE 23-6. Further-
more, the amount of PCE 23-6 molecules is around four times high-
er than PCE 102-6 molecules for the same dosage by weight.
Therefore, at same weight concentrations, PCE 23-6 covers a larger
surface area and thus, a larger area is occupied with negative
charged carboxyl groups.

PCE 102-2 reaches saturation concentration around 0.5 wt.-% in
L-OPC and M-OPC cement pastes. At high C3A-contents (H-OPC),
saturation concentration is not yet reached at 0.5 wt.-%. However,
according to TOC experiments, the molecules do hardly adsorb and
thus, the adsorption data are in contrast to the zeta potential data.
Two mechanisms could explain the data: (i) weak adsorption of the
molecules (such as London forces, ion (particle surface) – dipole
(PCE) bonds) on cement and hydrate particles, measurable with
the ZetaProbe, but too weak to resist filtration-methods and (ii)
strong influence of the PCE on the structural properties of the pore
water (viscosity, surface tension, and cluster structure). The latter
seem to be of major importance with increased molecular weight
and dosage. In a cryo-microscopic study with the methods de-
scribed in [18,44] could be observed that a large part of PCE 102-
2 remains in the pore solution (unpublished results) and also
strongly impacts the fracturing behaviour of the frozen sample.
Up to now, the impact of PCE on the physical properties of the pore
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solution is not very well investigated in the field of cement and
concrete sciences.

5. Conclusions

In this parametric study, conduction calorimetry, rheology,
adsorption isotherms, and zeta potential measurements were car-
ried out in order to investigate the influence of PCE architecture
and PCE dosage on cements containing different C3A-contents.
In well balanced C3A-sulphate CEM I type cements, containing a
low to a medium C3A-content, the influence of C3A-content of the
cement and the availability of sulphates on the performance of dif-
ferent cement–PCE couples (same concentrations) in terms of heat
evolution and workability is relatively small. Generally, C3A-con-
tents require higher larger amounts of PCE in order to reach satu-
ration concentration. Also, with increasing C3A higher amounts of
PCE are required to reach zero yield stress.

The calorimetry data shows that PCE with long side chains lead
to significant smaller retardation times than PCE with short side
chains. Consequently, the side chain length is the key parameter
concerning the retardation effect of PCEs. At same weight concen-
tration, approximately four times more PCE 23-6 molecules than
PCE 102-2 and PCE 102-6 are added to the paste and are able to
cover more surface area and thus, may act as a diffusion barrier.

This study shows that workability is mainly influenced by the
ionic charge density of the PCE used. Therefore, the side chain den-
sity is the key parameter which controls the adsorption behaviour
and thus the strength of electrostatic and steric stabilization. The
latter governs the flow behaviour of the fresh cement pastes. It
could be demonstrated, that the role of side chain length is of min-
or influence if PCE weight concentrations are compared. However,
if the charge densities are taken in account, the PCE with higher
PEO numbers in its side chains shows enhanced dispersion ability,
which is due to its stronger steric repulsive forces. Despite the
influence on the zeta potential of cement pastes, the very dense
and long side chained PCE shows only minor impact on the paste
rheology, which is supported by adsorption data.

From the obtained results and discussion, following hypothesis
arise:

1. If not sufficient sulphate (or sulphate phases with lower disso-
lution rates) is available, anionic PCE molecules are alterna-
tively adsorbed (competitive adsorption) in the diffuse double
layer at the particle pore solution interface.

2. During the first hour of hydration, the increase of conductivity
is lowered in presence of PCE. This indicates (weak) complexa-
tion, hindered dissolution by adsorbed PCE (acting as a diffusion
barrier) or increased precipitation of hydrates. The latter might
be a reason for early slump loss induced by some PCE–cement
combinations.

3. A PCE with high side chain density and length (PCE 102-2) is
weakly adsorbed onto surfaces by London forces or ion-dipole
bonds. The weak PCE adsorption and its impact on the zeta
potential can be measured. However, these bonds are too weak
and the PCE molecules are removed with the pore solution dur-
ing sample preparation for TOC analysis.

4. PCE molecules which remain in the pore solution have a signif-
icant impact on the physical properties of the pore solution
such as water cluster structure, viscosity and surface tension.
This might be of major importance for methods where those
parameters significantly influence the measured data (e.g. zeta
potential measurements).

These hypotheses require further studies of the superplasticizer
interaction with pure clinker phases, hydrate phases and the pore
solution. Furthermore, in terms of interparticle forces and associ-
ated rheological phenomena, the links to the microstructural evo-
lution of a cement paste concerning particle size distribution,
surface area and particle packing has to be investigated.
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