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The hydration process of a commercial Portland cement was followed by means of heat flow calorimetry. The
measured heat flow was compared with calculated heat flow curves based on XRD data. Examined in partic-
ular was the influence of one selected superplasticizer on the hydration of the Portland cement. It was shown
that the superplasticizer in question retards both the aluminate reaction and the silicate reaction. It is certain-
ly conceivable that there are more than only one explanation for the interaction between the superplasticizer
and the cement. A complexation of Ca® ™ ions from pore solution by the superplasticizer is as thinkable as the
adsorption of the polymer on the nuclei or the anhydrous grain surfaces which in turn might lead to the pre-
vention of the growth of the nuclei or the dissolution of the anhydrous grains.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Superplasticizers (SP) are an irreplaceable compound for con-
struction chemistry inasmuch as they improve the workability and
flowability of concrete and mortar. They can be used in order to pro-
duce modern products such as self levelling compounds [1] and high
performance concrete [2]. When they are used in concrete a reduction
of the water content can result in improved mechanical properties
[3]. If superplasticizers are added to binders without reducing the
water content an improved flowability is achieved. This improved
flowability is a fundamental requirement for self leveling underlay-
ments or screeds.

Modern superplasticizers in cementitious systems are comb-
shaped polycarboxylate-ethers. The liquefaction of the paste is caused
by the adsorption of the large molecules on the surfaces of the inor-
ganic grains (cement particles, aggregate). Repulsive forces obtaining
between the different grains hinder coagulation and sedimentation
and ensure a liquid-like rheology. The role of the different forces
(steric or electrostatic) acting in the cement pastes where superplas-
ticizers are present is also a topic of scientific debate and has already
been discussed in detail [6,7].

Much research has been performed concerning the effects of
superplasticizers on the hydration of cement in general, and their
effects on the morphology and the microstructural development of
hardened cementitious products in particular. These findings are
summarized in several review articles [4,5,11].
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Like many organic compounds, superplasticizers have an impact
on the hardening process of the inorganic binder cement. These inter-
actions can lead to undesired effects, such as unintended retardation
of the whole product, early slump loss, or poor flow behavior. Hence,
many efforts have been undertaken to examine the compatibility or
incompatibility of different cements with different superplasticizers
[8-10].

In the past, much research on the interaction of superplasticizers
with hydrating cements was focused on adsorption and rheology
experiments [20-23].

Research has also been focused on the chemical structure of the
superplasticizers. Winnefeld et al. [24] have investigated the interac-
tion between polycarboxylate superplasticizers with different molec-
ular structures and hydrating Portland cements. They concluded that
the duration of the dormant period during cement hydration with SP
added is a function of charge density and of the side chain density of
the SPs used. Yamada et al. [25] concluded that longer side chains,
combined with shorter mean backbone chains, give more fluidity at
the same dosage.

Models for the interaction between superplasticizers and cements
range from preferred adsorption and intercalation of parts of said
large molecules [14] to interaction of macromolecules with ions in
the pore solution of the cement/mortar/concrete-paste.

Yoshioka [12] and Plank [13] showed that the adsorption of the
superplasticizers on the surfaces of cement particles depends on the
surface charge of said particles. Hence, superplasticizers preferentially
adsorb on the surface of minerals displaying opposite charge in solution,
such as C3A and ettringite.

Another focus of research has been the influence of superplastici-
zers on the reaction rate of cements and cement phases. It has been
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shown that polycarboxylate superplasticizers retard the dissolution
of the phase alite as a function of charge density [15,16]. However,
several authors concur in finding that the superplasticizer exerts no
effect on the composition of the pore solution [16].

In contrast to these findings, Plank and Larbi [17-19] assumed an
interaction of superplasticizers as well as latexes with cations in a
pore solution displaying opposite charge, though a difference in Ca®™
concentration in pore solution could not be detected within the first
24 h of hydration when adding a superplasticizer.

The present work focuses, from a mineralogical point of view, on
the tracking of the retardation process, caused by a superplasticizer,
of a commercial OPC. To this end X-ray diffraction techniques were
combined with heat flow experiments. The evolution of the sample
hardness was also tracked using a Gillmore needle apparatus (Fig. 1).

2. Experimental

A special linear polycarboxylate-based superplasticizer was used
for the examinations. The superplasticizers were added to the cement
by dissolving them in the mixing water.

The OPC used in this study was a commercial OPC which is used
very often in dry-mix mortar technology. A w/c-ratio of 0.5 and a
0.3 wt.% quantity - calculated on the basis of the dry cement - of
the superplasticizer were used.

Heat flow experiments were performed using a commercial TAM
Air calorimeter from TA Instruments. External stirring was performed
using an electrical stirrer which allows a reproducible mixing. This
means that the first hour of the signal has to be interpreted with
care because of the possible disturbance of the signal when opening
the calorimeter.

In situ X-ray experiments were performed using a D8 diffractom-
eter equipped with a Lynx-Eye position sensitive detector. For each
preparation 88 ranges were recorded during the first 22 h of hydra-
tion. Rietveld analysis [26] of the dry cement as well as of the cement
pastes was performed using the software Topas V4.2 from Bruker
(fundamental parameter approach [27]). All structures used, the
quantities of the phases present in the dry cement, and the amounts
normalized to a cement paste of a w/c ratio of 0.5 are shown in
Table 1. Absolute quantities in the cement and cement pastes were
calculated using the G-factor method [28,29]. This method involves
using a well known crystalline standard (in our case silicon powder
from a single crystal) to determine the calibration constant G for
the diffractometer. This calibration constant is then used to calculate
the concentration of each crystalline phase in the sample (here in the
cement paste) taking into account the scale factor calculated by

Table 1
Structures used for Rietveld refinement and mineralogical composition of the OPC with
and without respect to the cement paste (w/c=0.5).

Phase ICSD-code wt.% dry Expected amount in cement
cement paste w/c=0.5 [wt.%]

Silicon 51688 [31] Standard Standard

Alite 94742 [32] 57.7+12 385412

Belite 963 [33] 11.7+£06 7.8+0.6

-GS [34] 8.0+05 53+05

C3Acub 1841 [35] 56403 3.7+03

C3Aortho 100220 [36] 4.8+03 32403

C4AF 51265 [37] 1.9+0.2 13+0.2

Gypsum 27221 [38] 0.8+0.1 0.5+0.1

Bassanite 79529 [39] 1.54+0.1 1+0.1

Anhydrite 16382 [40] 3.0+£02 2+02

Calcite 80869 [41] 22+02 1.5+02

Quartz 174 [42] 09+0.1 0.6+0.1

Arcanite 79777 [43] 09+0.1 0.6+0.1

Ettringite 155395 [44] - -

Portlandite 34241 [45] - -

Amorphous/misfitted - 1.04+0.5 34 (water + misfitted)

Rietveld refinement. A detailed evaluation of this method for the
quantification of cement pastes is given elsewhere [30].

It was shown, using the thermodynamic software GEMS [46,47]
and the thermodynamic data for cement phases [48], that the follow-
ing equations should be used in order to calculate heat flow diagrams
from XRD data [49].

C3S + 3.9H—C, ;SH, s + 1.3CH (1)
C3A + 6H,0—2AI(OH), + 2.50H +1.5Ca>" + 1.5CaOH" ()
3CaS0, + 1.50H” —1.5Ca*" + 1.5Ca(OH)" + 350,>~ 3)

3CaS0, + 2H,0 + 1.50H —1.5Ca*" + 1.5Ca(OH)" + 3502~ + 6H,0
4)

3Ca?* +3CaOH" + 2Al(OH)*™ + 350%™ +2.50H"
+ 26H,0—Ettringite + 1.50H " (5)

The enthalpies of reaction are shown in Table 2.
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Fig. 1. Heat flow, heat of hydration and imeter hardness Hj,q of the cement used during hydration with and without [30] addition of superplasticizer.
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Table 2

Enthalpies of reaction of dissolution and precipitation reactions.
Reaction Enthalpy
Eq. (1) (silicate reaction) —561 J/gaiite
Eq. (2) (dissolution C3A) —868]/8c3a
Eq. (3) (dissolution anhydrite) —52 J/8Anhydrite
Eq. (4) (dissolution gypsum) 57 J/8cypsum
Eq. (5) (precipitation ettringite) —214 ]/Zettringite

The calculation of heat flow curves (HF) from XRD data generally
follows Eq. (6)[50].

owt.% phase

HF=— 0t

O x AHR (6)

where

owt.%phase
ot

AHg enthalpy of reaction

derivation of the phase content curves

The setting time of the cements was determined using a Gillmore
needle apparatus (imeter) (MSB Breitwieser, Augsburg, Germany).
The cement paste was placed into a special sample holder and
measured over the first 24 h of hydration (30 min intervals). In
order to measure the hardness, the sample is automatically lifted
against a needle of 212 g and a diameter of 0.692 mm. At each mea-
surement point the time dependent weight reduction of the needle
and the corresponding penetration depth is recorded and the
hardness of the cement paste (the so-called “imeter-hardness”) is
calculated from the relation “strength per penetration depth”, stan-
dardised by the diameter of the needle used. The resulting value Hjyo
is calculated according to the following equation [51]:

I-li20 = Fmax/(dmax * A) (7)
Hizo imeter hardness according to method No.20 [Mpa/mm]
Finax maximum value of the force acting during indentation
dFmax penetration depth of the needle at maximum force

A cross-section area of the needle

For the used measurement system the initial setting time (IST) or fi-
nal setting time (FST) according to ASTM (266 complies with an
imeter value Hi20 (IST/FST) of 3.94 MPa/mm or 63.0 MPa/mm re-
spectively. The setting times of the cement pastes were measured at
23 °C and >60% humidity. Each measurement was performed two
times and the average value was calculated.

All experiments were performed at a temperature of 23 °C+
0.5 °C.

3. Results

The plot of the heat of hydration, as well as the imeter hardness
Hi,o in the same diagram, clearly show that there exists a close agree-
ment between the heat evolution and the hardening of the cement
paste. The plot of the heat flow and the increase of the imeter hard-
ness over time also show that the hardening of the cement paste
starts immediately after the beginning of the acceleration period. It
can be clearly seen that the addition of the superplasticizer leads to
a distinct retardation of the cement hydration. This means that the
hardening process is correlatively significantly retarded.

It is known that the acceleration period resulting in the hardening
of the cement paste is mainly defined by the silicate reaction. When

| Alite £ 100

Hi20 (MPa/mm)

Time (h)

—— without SP
+0.3 wt.% SP

O Imeter hardness without SP
= Imeter hardness with 0.3 wt.% SP

Fig. 2. Alite and portlandite content and imeter hardness during the hydration of the
OPC with and without [30] addition of superplasticizer.

plotting the determined amounts of the phases alite and portlandite
and the imeter hardness it can be seen that there is an obvious con-
nection between the beginning of the dissolution of the phase alite/
precipitation of portlandite and the start of the hardening of the ce-
ment paste Fig. 2). Since the superplasticizer clearly retards the disso-
lution of the phase alite, there can also be detected a distinct
retardation of the hardening of the cement paste where the super-
plasticizer is added.

Not only the silicate reaction but also the aluminate reaction is sig-
nificantly retarded where a superplasticizer is added to the cement
(Fig. 3). The aluminate reaction, the reaction of the CzA with sulfate
carriers and water forming ettringite, follows a defined pattern. First-
ly, there is an immediate dissolution of C3A (here about 2 wt.%) which
is traceable when considering the amount of C3A in the dry cement
compared with the amount in the first XRD pattern of the cement
paste (Table 1, Fig. 3, see also Fig. 6). There is no synchronous disso-
lution of two sulfate carriers detectable. Since no bassanite is detect-
able in the cement paste we assume that bassanite is dissolved firstly
during the mixing of the cement. The anhydrite present in the cement
seems to have three different dissolution rates. Firstly anydrite is dis-
solved before gypsum is dissolved until 2.5 h. Secondly anhydrite is
dissolved after gypsum is completely dissolved between 6.6 h and
12.5 h. While the dissolution of gypsum can be detected there is no
dissolution of anhydrite detectable. Thirdly, after 12.5 h there is a de-
crease in the reaction rate of the anhydrite dissolution detectable, al-
though anhydrite is the last sulfate carrier available. We can find the
same way of reaction of the aluminate reaction in the cement system
with superplasticizer added, but significantly retarded.

The two most significant points in time described here (namely,
the beginning of the second anhydrite dissolution, and the beginning
of further C3A dissolution) occur significantly later in the system
where superplasticizer is added (Fig. 3). The beginning of the anhy-
drite dissolution occurs at 12.5 h in comparison to 6.6 h in the system
without addition of superplasticizers. The further dissolution of C3A is
delayed for almost 4 h. Therefore, the sulfate depletion peak, which is
caused by the dissolution of C3A and an accelerated ettringite precip-
itation [30,50] and which strongly depends on the amount of sulfate
carriers available [52,53], occurs at later points in time where super-
plasticizer is added.

Indeed, it is worth mentioning that, after the retardation of the
further C3A dissolution, the dissolution of the C3A takes place at a sig-
nificantly faster rate when superplasticizer is present. This in turn
gives rise to the circumstance that the first maximum, occurring dur-
ing the main period at 7.5 h in the system without superplasticizer,
and the second maximum, called the “sulfate depletion peak”, tend
to draw closer together in the system with superplasticizer added,
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Fig. 3. Heat flow and phase content of the phases involved in the aluminate reaction during hydration of the OPC used with (right side) and without [30] (left side) superplasticizer.

so that it becomes difficult to distinguish the difference between both
maxima.

The slowdown of the anhydrite dissolution, resulting in the fur-
ther dissolution of the C3A, also shows differences in both systems.
In both systems - namely, with and without superplasticizer added
- there is a significant slowdown of the visible anhydrite dissolution,
although the amount of anhydrite remaining tends to differ. Never-
theless, it can be safely assumed that the slowdown of the dissolution
of the last sulfate carrier available in combination with an ongoing
ettringite precipitation results in a sulfate depletion in the pore solu-
tion and a resorption of sulfate ions from surfaces of the cement
grains (see also [30]). This in turn allows the further dissolution of
the C3A. The further C3A dissolution occurs though there is still a sig-
nificant amount of crystalline anhydrite present. We assume that
there is an amount of anhydrite which is less reactive than the anhy-
drite which is dissolved quite fast before the further C3A reactions oc-
curs. The worse reactivity of parts of the anhydrite might be caused
by either bigger grains or better crystallinity of the anhydrite. The de-
celerated reaction rate of the anhydrite and the ongoing ettringite
precipitation cause the sulfate depletion in the pore solution.

Fig. 4 shows the heat flow curves as measured as well as the calcu-
lated heat flow curves, using the results from in-situ X-ray analysis
and the enthalpies of reaction as shown in Table 2. Neither the contri-
bution of the gypsum dissolution nor that of the anhydrite dissolution
was taken into account, since their contributions are below 0.1 mW. It
can be seen that the heat flow as measured can be explained quite
well, taking into account the findings from the X-ray experiments
performed. It can be shown that the superplasticizer retards both
the silicate reaction and the aluminate reaction. After a distinct retar-
dation, both reactions emerge on a faster timeline. Hence, the

8 —o— Heat flow silicate reaction
—e—Heat flow C3A dissolution
—x— Heat flow ettringite precipitation
6 —»— HF total

Heat Flow (mW/g)

Time (h)

calculated heat flow curve for cement with superplasticizer added
does not show the two significant heat flow maxima during the
main period between 2.5 and 20 h. However, the heat flow curve as
actually measured can be resolved into two maxima.

Fig. 5, finally, shows the calculated heat flow curves from XRD data
as well as the imeter hardness as measured. This figure demonstrates
once more that the methods applied to the evaluation of the cement
hydration confirm one another.

The retardation of the setting of the cement is caused by the sup-
pression of both the silicate reaction and the aluminate reaction,
which in turn leads to a retardation of the hardening of the cement
paste.

4. Discussion

It can be shown that the superplasticizer retards both the silicate
reaction and the aluminate reaction. The typical process of the alumi-
nate reaction is not altered by addition of the superplasticizer, al-
though all reactions are significantly retarded.

Itis generally assumed that there obtains a preferred adsorption of
anionic superplasticizers on those cement surfaces displaying oppo-
site charge (CsA, ettringite). This is obviously the requirement for
the mode of action of superplasticizers.

On the basis of the research performed several mechanisms are
thinkable.

The first mechanism which is conceivable is the complexation of
Ca®*-ions from pore solution. The withdrawal of the Ca®>™ ions
from the pore solution by the superplasticizer might lead to a Ca®™*
depletion in the pore solution and result in the retardation of both,
the silicate reaction and the aluminate reaction. Ca?™ is an ion

8 —o— silicate reaction
—e—CgAdissolution
—x— Ettringite precipitation
6 —+—HF total

Heat Flow (mW/g)

Time (h)

Fig. 4. Measured and calculated heat flow curves of the OPC used with (right) and without (left) superplasticizer added.
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Fig. 5. Calculated heat flow curves and imeter hardness during the hydration of the OPC
used with and without addition of superplasticizer.

which is necessary for the precipitation of C-S-H, portlandite as well
as ettringite. This hypothesis could, indeed, be confirmed by addition-
al experimental data such as pore solution analysis.

But it is also conceivable that the superplasticizer added to the ce-
ment acts in another manner. It is furthermore thinkable that the
superplasticizer added acts during the nucleation and growth phase
of the hydration process. An adsorption of the superplasticizer on
the nuclei of the hydrate phases and as a result the prevention of
the growth of the hydrate phases might also be an explanation for
the retardation of the hydration process.

Besides that, it is also thinkable that there is an adsorption of the
macromolecules on the surfaces of the cement/clinker phases. The
prevention of the dissolution of the anhydrous cement phases caused
by the adsorption of the polymer is a possible result from this
mechanism.

If the adsorption process is responsible for the retardation process
of the cement further thoughts need to be given to the fact that both
reactions, namely the silicate reaction and the aluminate reaction are
retarded. According to other authors there is a preferred adsorption of
the superplasticizers on the grain surfaces showing opposite charge
[12,13]. Hence, the fact that both reactions are retarded in the same
extent contradicts the findings that polymers show a preferred ad-
sorption, unless the nuclei of all hydrate phases show same charge.

Our assumption is that the complexation of the Ca? "-ions is the
most conceivable mechanism responsible for the retardation of the
cement hydration.

Concerning the sulfate depletion we want to make the following
assumption. In contrast to the system without addition of superplas-
ticizers, there is no precipitation of ettringite detectable in the system
with superplasticizer added between 1 and 10 h. Since ettringite acts
as a sulfate sink, a high SO; ~ concentration remains in the pore solu-
tion, especially at times after about 5 h. This prevents the further dis-
solution of the C3A. Without consumption of sulfate from the pore
solution there is no need for the further dissolution of any sulfate
carrier.

For the cement used in the present investigation 9 wt.% quantity
of ettringite is the critical quantity of ettringite in both systems re-
quired in order to reduce the SOz~ concentration of the pore solution
permanently, which in turn permits further CsA dissolution. This crit-
ical quantity of 9 wt.% is reached significantly later in the cement
paste to which superplasticizer has been added (see Fig. 6). After
the 9 wt.% of ettringite have been precipitated more sulfate is re-
moved from pore solution by ettringite precipitation than sulfate is
added by dissolution of any sulfate carrier. This in turn causes the de-
pletion of sulfate in the pore solution and/or desorption of sulfate ions
from grain surfaces and the further dissolution of C3A.

Further thought needs to be given to the fact that, in the system to
which superplasticizer is added, more ettringite tends to be
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Fig. 6. Heat flow curves, ettringite content and C3A —content of the OPC with and with-
out superplasticizer [30] added.

precipitated immediately after mixing the cement with water, even
though the precipitation of ettringite is clearly retarded in the subse-
quent stages of development.

Finally, the research performed shows that the retardation of ce-
ment hydration can be tracked by means of in-situ X-ray diffraction.
All methods applied to the examination of the cementitious systems
confirm each other. Hence, detailed statements concerning the retar-
dation of cement hydration by a superplasticizer can be done.
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