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Molecular design of comb-shaped polycarboxylate
dispersants for environmentally friendly concrete

Delphine Marchon,a Ueli Sulser,b Arnd Eberhardtb and Robert J. Flatt*a

Concrete is the most widely used material in the world and, because of the large volume used, the

production of cement, the main component of concrete, is responsible for a high CO2 emission. To

reduce the quantity of CO2 emitted, one solution is to substitute a part of cement by supplementary

cementitious materials, SCMs, such as fly ash. Because fly ash is largely inert in the first days of blended

cement hydration, it is necessary to accelerate its dissolution by physical or chemical means to

compensate the loss of mechanical strength in the early stage. The solution studied in this project is the

alkaline activation by addition of NaOH that prevents the dispersive effect of PCE superplasticizers used

in modern concrete with a low content of water. In this work, we investigated the influence of NaOH

on hydration, rheology and mechanical strength of superplasticized blended cementitious systems. From

the results and theoretical aspects of polymer adsorption, a simple criterion was established that defines

which polymer structures are or are not compatible with alkaline activated systems.
Introduction

Comb copolymers are effective dispersants and/or lubricants
that typically have a charged backbone and uncharged side
chains. The backbone is considered to drive adsorption mainly
through electrostatic interactions with surfaces while the side
chains are chosen to be non-adsorbing and to induce steric
hindrance among adsorbed layers.1,2 Comb copolymers with
anionic backbones have been found to be effective dispersants
in various systems such as concrete,3,4 barium titanate,5

concentrated cemented carbide,6 magnesia,6 limestone,7 silica8

and gypsum.9

In terms of chemistry the backbones can be composed of
acrylic, methacrylic, maleic acids, vinyl, allyl and mixtures
thereof.2,3,10–12 The side chains, typically polyethylene oxide, may
either be graed by esterication or amidation to the pre-
formed backbone bearing carboxylic acid groups or included
through copolymerization of backbone monomers with mac-
romonomers carrying a side chain.2,10 Comb copolymers with
cationic backbones have mainly been studied for their tribo-
logical benets in systems considered for articial joints.13

Owing to non-adsorbing side chains, these comb copolymers
present particular advantages in systems with a high ionic
strength where electrostatic repulsion is not effective. In such
systems however, competitive adsorption with other ionic
species can strongly compromise the dispersing efficiency of
these polymers. For example hydroxyls,14 sulphate ions,15
, Switzerland. E-mail: attr@ethz.ch; Tel:

Chemistry 2013
citrates16 or other polymeric admixtures with specic functional
groups17 have been shown to reduce their adsorption and
consequently the resulting dispersion. To relate this to the
molecular structure of these dispersants is therefore a general
issue and constitutes the main objective of this paper.

We deal in particular with cementitious materials in which
these comb copolymer dispersants have met with their largest
success, presumably because of their high ionic strengths,
typically larger than 0.1 M.18 In this area comb copolymer
dispersants are referred to as polycarboxylate ether (PCE)
superplasticizers (SPs) (Fig. 1). They are mainly used to produce
concrete of greater strength and durability by making it possible
to reduce the water content without sacricing rheological
properties.

In recent years however, there has been a shi of interest in
using these polymers to help reduce the environmental foot-
print of concrete.19 To situate the magnitude of this specic
issue, it is worth recalling that concrete is the most widely used
material in the world and consequently has a signicant impact
on the environment. This comes predominantly from its binder:
cement. The quantity of CO2 emitted during its production is
about 1 kg per kg of clinker:† 30% from the fuels and 70% from
decarbonation of limestone.20 With a production of 3.5 billion
tonnes worldwide per year,21 the cement industry generates
therefore 5–8% of man-made CO2 emissions.22 Reducing this
represents one of the major environmental issues in the
construction industry and one of the most promising solutions
† Clinker is the product of sintering limestone and alumino-silicate from clays in
a cement kiln. It is called Portland cement aer the addition of gypsum during the
grinding process.
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Fig. 1 Example of a molecular structure of a polycarboxylate ether (PCE)
superplasticizer. R ¼ CH3 corresponds to methacrylic and R ¼ H to acrylic acid or
ester.
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is to use blended cements. In such cements, part of the clinker
is replaced by supplementary cementitious materials (SCMs)
with a lower carbon footprint, such as y ash (a waste-product of
coal burning power plants).19,23

In this paper, we are concerned with the role of hydroxide
ions. In concrete with high y-ash replacements, these ions can
play an important role in accelerating the strength develop-
ment. This presents a major technological advantage, as y ash
otherwise reacts much slower than the cement it replaces,
leading to performances that are not acceptable in normal
construction. The reason for the use of hydroxides is that y ash
particles consist mostly of alumina-silicate glass with some
crystalline constituents, such as quartz and various iron oxides.
In most standards they can replace cement to 35%, coming
mainly from their slow hydration and variable quality. However
it has been shown that highly blended cements with 70% of y
ash may develop similar mechanical strength as standard
cement just by incorporating alkaline activators in the
system,24,25 leading to the precipitation of a mixture of amor-
phous gels C-S-H (from cement) and N-A-S-H‡ (from y ash)
responsible for the setting, hardening and thus the mechanical
properties. The formation of this gel called “geopolymer” or
“inorganic polymer” coming from the hydration of the y ash is
explained elsewhere.26,27 In the context of this paper we are
however talking about much lower alkali additions. These
would truly be considered as activators or catalysts, mainly
acting on reaction kinetics rather than changing the nature of
the nal products.

Alkaline activation therefore represents a solution whereby
minor additions could substantially enhance early reactivity,
helping to overcome one of the presently greatest limitations to
reducing clinker content in cement. Unfortunately, this solu-
tion has not been usable in practice for blended cements. As
mentioned earlier, the use of hydroxides as an activator penal-
izes the ow properties of modern concrete designed for
enhanced durability and containing PCEs.28 In the present work
we specically address this issue and propose a criterion
allowing to a priori select, based on their molecular structure
(Fig. 1), PCEs compatible with alkaline activation. Identifying
comb copolymers that are effective dispersants in cement with
high y ash replacements has a very signicant benet in terms
of sustainable construction and is from now on possible.

Firstly in this study, we report general observations on
hydration of a superplasticized and alkaline activated blended
cement paste. Then we illustrate how hydroxides modify the
PCE performance. We show that this does not come from
chemical changes but from reduced adsorption. This motivates
a theoretical insight into thermodynamics of polymer adsorp-
tion and leads to the development of a criterion that denes for
the rst time whether polymers work or not in alkaline activated
systems. This criterion takes the form of a simple equation in
which its different parameters dene the PCE molecular
‡ C-S-H stands for calcium silicate hydrate and is the main product of Portland
cement hydration primarily responsible for strength of cementitious materials.
N-A-S-H stands for sodium alumino-silicate hydrate and is the main product of
alkali-activated y ash hydration.

10720 | Soft Matter, 2013, 9, 10719–10728
structure.29 Finally, to better illustrate the viability of this
criterion, we show how a polymer selected in this way maintains
its dispersing character in alkaline activated cement without
compromising the enhanced strength development (shown
with compressive strength on mortars).
Background
PCE superplasticizers

Conformation of PCEs. Comb copolymers can be described
as the assemblage of n repeating structural units, each con-
taining N monomers in the backbone and one side chain of P
monomers (Fig. 2). Gay and Raphaël proposed that the
conformation of such polymers in solution depends on the
relative values of those three structural parameters and can be
grouped into ve classes as illustrated in Fig. 3.30,31

The polymers studied in that project belong to the FBW
(Flexible Backbone Worm) where the polymer can be viewed as
an ideal chain of cores, each having a radius of gyration of Rc.
Gay and Raphaël derived scaling laws that describe the size of
these cores and the radius of gyration of such polymers as a
function of their structural parameters n, N and P.

More recently, this approach was extended for a FBW comb
copolymer both in solution and at interfaces.31 In that work it
was observed by colloidal probe AFM that the comb copolymers
Fig. 2 Schematic representation of a comb polymer. The polymer contains n
segments with N monomers in the backbone, each segment having one side
chain containing P monomers.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Phase diagram for comb homopolymer according to Gay and Raphaël30

and adapted by Flatt et al.31 The different domains are the following: decorated
chains (DC), flexible backbone worm (FBW), stretched backbone worm (SBW),
stretched backbone star (SBS) and flexible backbone star (FBS). Rc is the core size
and Rp is the side chain size.
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used must have adsorbed with their backbone, but to a suffi-
ciently low extent for their side chains to remain coiled. The rst
piece of evidence is that experimentally measured values of the
adsorbed layer thickness are related to the length of the side
chains through a power law of which the exponent is close to
0.6. In addition, these layer thicknesses are in quantitative
agreement with a model describing the adsorbed polymers as
chains of half spheres, which properly accounts for adsorbed
layer thickness, steric hindrance and the surface occupied by
polymers at surface saturation. In the context of this paper, we
will use the scaling relation for the surface occupied (S1 and S2
in eqn (1) and (2)) by a given polymer, which is the same
whether the polymer is assumed to deposit from solution or
rearrange in the chain of half sphere conformation referred to
above:

S1 z P9/10N3/10n (1)

We will also examine an alternative conformation described
as a mushroom slice chain and that also implies coiled side
chains:31

S2 z P3/4N9/16n (2)

It should be noted that in both cases these relations are
less accurate as the side chain length decreases and render
the scaling approach questionable. Also, in the case of a
strongly adsorbing surface, one might expect the energy cost
of side chain extension to be more affordable, so that the
amount of polymers per unit surface could increase (the
exponent of P would decrease and that of N would increase
towards unity).

Competitive adsorption. Among the various ions potentially
affecting the performance of superplasticizers, sulphates
received the most consideration. In a milestone paper on this
subject, their concentration was cyclically varied by alternated
additions of CaCl2 and Na2SO4.32 This caused corresponding
changes in PCE superplasticizer adsorption as well as in the
ow of cement pastes. Observations could be rationalized by a
This journal is ª The Royal Society of Chemistry 2013
competitive adsorption between sulphates and PCEs.
Increasing sulphate concentration reduced the amount of
adsorbed PCEs and consequently the paste ow.

More recently, the role of PCE molecular structure in this
behaviour was investigated.33 The key result was that sulphates
affected the yield stress of cement pastes to an extent roughly
proportional to P/N2.

While that result was simply deduced from the experimental
observations, an associated paper34 examined the possible
reasons for this specic dependence on molecular structure.
Using rst principle arguments for the effects of sulphates on
PCE adsorption and of PCE adsorption on ow, it reached an
expression for the effect of sulfates scaling as: P4/5N3/5(N � 1)�2.
Within the range of structures investigated, this is similar or
slightly better than P/N2. The main benet from the scaling law
derived theoretically is that it indirectly supports the assump-
tion made to account for the effect of sulphates on the uidity
and in particular their competitive adsorption with PCEs. This
derivation introduces an expression for the adsorption equi-
librium of PCEs in relation to their molecular structure.34 This is
also found to be effective in the presence of hydroxide ions,
which is why we briey summarise the underlying assumptions.

Adsorption equilibrium constant. The approach to derive
this equilibrium constant makes the following assumptions:

1. Polymers follow a Langmuir type adsorption isotherm.
2. The driving force for adsorption is electrostatic35 and

competitive adsorption should be expressed with respect to
surface charge sites.

3. Polymers compete with small ions that occupy most of the
surface sites. Indeed the polymer only balances a small amount
of the charges in the surface it covers owing to the coiled
formation of its side chains.

4. The adsorption rate is expressed with regard to the total
number of charges associated with the polymer and the solu-
tion as well as with the total number of free sites on the surface.
This neglects the polymer structure role, which is incorporated
into the adsorption kinetic constant discussed later.

5. The desorption rate is expressed with respect to the total
number of charges associated with the polymer and present on
the surface. Here again the polymer structure dependence is
incorporated into the rate constant (here desorption).

The above assumptions lead to expressing the rate of occu-
pancy of surface sites by the polymer as:

Ra*
A y kaACAnz(N � 1)(1 � q*B) (3)

where kaA is the polymer adsorption kinetic rate constant, CA is
the polymer concentration in solution, q*B is the fraction of
surface charges occupied by the sulphates and z is the number
of charges carried by each monomer. The same assumptions
also lead to the rate of desorption of the polymer:

Rd
A ¼ kdAq

*
A (4)

where kdA is the desorption rate constant and q*A is the fraction of
surface sites occupied by the polymer, which is related to qA, the
surface covered by the polymer, re, the total number of charges
Soft Matter, 2013, 9, 10719–10728 | 10721
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per unit surface, and SA, the surface occupied by each polymer
through:

q*A ¼ qAnz(N � 1)/(SAre) (5)

At equilibrium rates of surface charge occupancy and release
are equal; so eqn (3) and (4) lead to:

q*A y KACAnz(N � 1)(1 � q*B) (6)

with the equilibrium constant:

KA ¼ kaA/k
d
A (7)

For the purpose of this paper, we now only examine how this
constant is related to the molecular structure. In a rst step, it is
assumed that both adsorption and desorption rate constants
depend on the polymer charge density per unit surface that they
occupy. The adsorption and desorption rates are taken to be
respectively proportional and inversely proportional to this
charge density: n(N � 1)z/SA.

It is also assumed that owing to polymer rearrangement, the
adsorption rate constant is also inversely proportional to its
number of repeat units n (or number of PEO side chains). Using
eqn (1) this gives:

KA,1 z (N � 1)2z2P�9/5N�3/5n�1 (8)

while using eqn (2) gives:

KA,2 z (N � 1)2z2P�3/2N�9/8n�1 (9)

It could also be argued that the additional inverse depen-
dence on n might come from a reduced surface coverage when
the number of segments is increased (owing to more difficulty
to reach an optimal surface occupancy). For our purpose, we
note that eqn (8) and (9) work well when analysing the effect of
sulphates on a superplasticized cement paste and examine its
relevance in the presence of hydroxides for this paper.

For convenience of graphical representation, we dene:

K*
A,1 ¼ 105KA,1 (10)

K*
A,2 ¼ 105KA,2 (11)

As K*
A,1 and K*

A,2 showed similar trends when applied to the
data of this study, only results obtained for K*

A,1 are analysed in
the next sections.
Fig. 4 Grading curve of aggregates 0–4 mm.
From ow spread test to yield stress

Flow properties of fresh cement pastes can be evaluated by
simple and quick but relevant tests. They provide one simple
parameter, which can be connected to a rheological property.
One of the most important parameters to characterise the
rheological behaviour of a cement paste is the yield stress (s0).
For uid pastes, this parameter can be evaluated by a traditional
test called the mini-ow spread test. In this test, a cone or a
cylinder placed on a at surface is lled with the cement paste.
10722 | Soft Matter, 2013, 9, 10719–10728
Then the cone or cylinder is lied up to let the paste ow. The
ow stops when the shear stress in the paste becomes smaller
than the yield stress. Results of ow spread measurements are
then converted into yield stress using eqn (12) that interpolates
between the analytical limits of high and low spread:36,37

s0 ¼
225rgV 2

128p2R5

1þ 225� 3
1
2V

128pR3

� lR2

V
(12)

where V is the volume of the sample, R the radius of the spread,
r the density of the paste and l a coefficient function of the
surface tension of the sample and the contact angle.
Experimental section
Materials

The cement used for the paste was an Ordinary Portland
Cement CEM I 42.5N according to the European Standard EN
197-1 with a density of 3.1 g cm�3. During the investigations, the
type of cement used in the paste was always the same but the
dates of production of the cement batches and their storage
were different. Some noticeable differences in the rheology
between batches have been observed as discussed below. The y
ash used was Safament from Safa according to the European
Standard EN 450 with a density of 2.3 g cm�3.

The cement used for the mortar was a normal Portland
Cement CEM I 42.5N according to the European Standard EN
197-1 (Normo 4 Holcim). The y ash was Hydrolent (Holcim)
according to the European Standard EN 450 with a density of 2.2
g cm�3. Aggregates consisted of sand with the gradation pre-
sented in Fig. 4.

Among all the PCEs studied in this project, 2 PCEs (Table 1)
have been chosen to investigate further the effect of hydroxides
on them. PCE1 has been chosen because the nature of its
backbone prevents the hydrolysis of the side chains.
Cement pastes: ow spread tests and calorimetry

Mix design. The chosen percentage of y ash in cement
pastes was 30% wt and the water to binder ratio (w/b) was 0.33.
It corresponds to a paste without an admixture that has a spread
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Structural parameters and adsorption equilibrium constant K*A,1 of PCE1
and PCE2

Backbone Side chain N n P K*
A,1

K*
A,1

(z ¼ 1)

PCE1 Methacrylic acid MPEG 2.8 10 23 62 62
PCE2 Maleic acid PEG 3.8 5.1 25 615 248
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of about 75 mm (s0 ¼ 161 Pa) in the ow test. Because of the
dependence of the mixing energy on the amount of material, all
the mixtures had the same volume (400 ml). Cement and y ash
were rst pre-mixed, put in the water during the rst 20 s at 300
rpm and then mixed at 2000 rpm for 2 min (with a Chandler
Engineering mixer). Admixtures were always added in the water
before the mixing. For the pastes with both NaOH and PCEs,
NaOH was always added rst to the water. The dosage of PCEs
was chosen to obtain a target spread of about 180 mm (s0 ¼ 4.6
Pa). The percentage of PCE and NaOH in the solid content was
always relative to the mass of the binder.

Flow spread test. The ow tests were performed one minute
aer the mixing on a glass plate with a smooth surface. The
cylinder used had a volume of 99 cm3.

Calorimetry. A home-made semi-adiabatic calorimeter was
used. Temperature evolutions were converted to heat ows as
described elsewhere.38
Mortars: compressive strength

Mix design. Two replacement levels of cement by y ash have
been tested: 25% wt and 50% wt. The w/b ratio was 0.45 with
0.1% of PCEs and 1.5% of NaOH. The ratio of binder/aggregate
was 1 : 2. The mortar was mixed following the standard EN
196-1.

Flow spread test. The ow tests were performed one minute
aer the mixing on a glass plate with a smooth surface. The
cone used had a volume of 335.6 cm3.

Compressive tests. The compressive strengths of mortar test
specimens (4� 4� 16 cm) were measured aer 1, 3 and 28 days
following the standard DIN EN 196.
Fig. 5 Influence of cement substitution by 30% wt of fly ash and addition of
NaOH on the heat evolution of a blended cement paste.

This journal is ª The Royal Society of Chemistry 2013
Results and discussion
Effect of NaOH on hydration of blended cement

Effects of the addition of hydroxides on the hydration of a
blended cement are shown in Fig. 5 and 6. The substitution of
cement by 30%wt of y ash clearly reduces the total heat release
due to the fact that in the rst hours y ash is largely inert. If we
therefore assume that the heat release is only due to the cement
in the blended paste and normalize data with respect to its
weight (Fig. 6), we observe that up to 15 h the cumulative curves
of the pure and blended cement pastes are quite similar.
However, beyond this point, the blended cement paste presents
a larger normalized cumulative heat release. This suggests that
the dissolution of y ash may have started. The addition of a
small quantity of NaOH (0.5%) in the blended cement paste
makes this happen already aer 7 hours.

The inclusion of a PCE in the mix can delay the hydration
kinetics as shown in Fig. 7. The reference curve represents the
normal system with 30% wt of y ash without admixtures.

PCE1 added at 0.1% retards hydration by about 5 hours. The
addition of NaOH decreases this retardation from 5 to 3 hours
(for 0.5% NaOH) or even cancel it (for 0.75% NaOH). However it
also changes radically the shape of the heat release curve. Both
maxima of the curve merge in only one peak and the global
reaction becomes more exothermic. This is known to happen
when the ratio of aluminates to sulphates increases. In our case
this might also be the underlying reason as the addition of OH�

can accelerate the dissolution of the aluminates that is very
exothermic. This also typically changes the reactivity rates of
both aluminate and silicate phases, which has very important
implications in terms of strength development. While discus-
sing this in detail would clearly be beyond the scope of this
paper, we will note that in practice this issue is typically handled
by varying the level of gypsum addition to cement. In this
context, effects of gypsum additions between 1% and 3% are
shown in Fig. 8. An addition of 1% of gypsum has no inuence.
With 2% of gypsum, the peak becomes larger and the global
reactions seem to be less exothermic. With 3% of gypsum, the
two maxima of the peak do not merge anymore and the global
Fig. 6 Normalization of heat evolution curves in Fig. 5 by weight of cement.

Soft Matter, 2013, 9, 10719–10728 | 10723

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3sm51030a


Fig. 9 Yield stresses of superplasticized (PCE1) blended cement pastes made
with two different batches of the same cement. For cement batch 1, the dosage of
PCE1 was 0.1% and for cement batch 2, 0.12%. In both cases, the dosage of
NaOH was 0.5%.

Fig. 7 Influence of different dosages of NaOH on the heat evolution of a
superplasticized (PCE1) blended cement (from cement batch 1).

Fig. 8 Heat evolution of a superplasticized (PCE2) blended cement (from
cement batch 2) with 1%, 2% and 3% of gypsum.
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reaction is less exothermic. The shape of this curve (3%
gypsum) shows similarities to those of the systems without
NaOH. Thus the addition of gypsum does indeed allow
changing the balance among aluminates, sulphates and sili-
cates in a system with NaOH. This aspect will however not be
investigated further as we will now rather focus on the loss of
uidity that the alkaline activation causes to superplasticized
pastes.
Effect of NaOH on the dispersive effect in blended cement

The loss of the dispersive effect of common PCEs in the pres-
ence of hydroxides was examined with ow spread tests. Results
for reference blended cement pastes without admixtures, with
PCE1 and with PCE1 and NaOH are shown in Fig. 9. They clearly
show the substantial increase in yield stress that some super-
plasticized pastes can undergo when NaOH is added.

The loss of the dispersive effect can be explained either by a
change of adsorption degree, a change of dispersion capacity or
a combination of both. It has been already mentioned that
some PCEs can suffer structural changes in alkaline media by
losing their side chains causing their reduced dispersing
10724 | Soft Matter, 2013, 9, 10719–10728
capacity.39 In our study, this is not the case as can be shown by
some simple experiments in which NaOH was neutralised by
corresponding additions of HCl (Fig. 10 and 11). This was done
both on the polymer solutions kept either for 5 min or 18 hours
in the NaOH solution as well as by adding the HCl directly into
the paste. All experiments accounted for the water coming from
the HCl solution. With the rst cement batch, the solution
neutralisation returns the yield stress to similarly low values as
without NaOH addition (Fig. 10). Values are in fact equal to
those obtained with NaCl additions. The polymer is therefore
not modied. One may argue that these experiments do not
include the extra alkalinity from the cement. This is why we also
directly added the HCl to the cement paste. While the yield
stress remains higher, it is nevertheless substantially lower than
that without neutralisation. Again, this speaks strongly against
a hydrolysis of the polymer. The conclusions are generally
similar to those of the second cement batch although values are
more scattered (Fig. 11).

We found that the change in dispersion capacity can be
related to a reduced adsorption of the PCEs in the presence of
NaOH. This was shown by measuring PCE adsorption by solu-
tion depletion using Total Organic Carbon (TOC) measure-
ments. Pastes made with cement batch 2 were used here
because they showed a higher loss of uidity (Table 2).

For a paste without alkaline activation, almost half of the
PCE added (56%) remained in the aqueous phase. When NaOH
was added, 93% of the PCE used remained in the pore solution
and thus was not used for dispersing. This explains why the
yield stress of the paste with PCE and NaOH approached that of
the paste without PCE. From these results, it can be concluded
that the reduced dispersion of PCEs in highly alkaline media is
not due to a change in their molecular structure or adsorbed
conformation but due to a change of adsorption degree.

The reduced adsorption can have several reasons, possibly
interlinked. For example, hydroxides may change the surface
charge of cement. They may also displace Ca(OH)2 equilibrium,
reducing the amount of calcium in solution, which is known to
This journal is ª The Royal Society of Chemistry 2013
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Fig. 11 Yield stresses of blended cement (batch 2) after neutralization of
hydroxides by HCl after 5 min and after the mixing and addition of NaCl in the
superplasticized (PCE1) blended cement without NaOH.

Fig. 10 Yield stresses of blended cement (batch 1) after neutralization of
hydroxides by HCl after 5 min, 18 hours and after the mixing and addition of NaCl
in the superplasticized (PCE1) blended cement without NaOH.

Table 2 Percentage of PCE remaining in pore solution for two pastes. Both
contain PCE1, but only one additionally contains NaOH

PCE
dosage %

NaOH
dosage %

% of PCE remaining
in pore solution
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change surface charge to promote PCE adsorption. To some
extent, these possibilities can be generically grouped under
competitive adsorption between the polycarboxylate molecules
and the hydroxides, which motivates the way in which this
problem is discussed in the next section.
0.1 No 56
0.1 0.5 93
Sensitivity of PCEs to hydroxides

To study the link between the adsorption sensitivity to the
hydroxides and the structure of the molecules, paste ow
measurements were made with a large number of different
PCEs. These differed by the length and the density of the side
chains, the length of the backbone and the chemical nature of
the monomers. However, they were all located in the same zone
of Gay and Raphaël's phase diagram (Fig. 3): exible backbone
worm (FBW).

For better comparison between PCEs that show different
dispersive efficiencies, a relative yield stress change coefficient
has been dened:

Dsrel ¼ sSP;OH� � sSP
sSP;OH�

(13)

where sSP is the yield stress of the paste with PCE super-
plasticizers but without NaOH and sSP,OH� is the yield stress of
the paste with both. When the inuence of OH� is high, i.e.
sSP,OH� [ sSP, Dsrel tends to 1. But when hydroxides have less or
no inuence on the PCEs, i.e. sSP,OH� � sSP / 0, Dsrel tends to
0.

A simple comparison (not shown in this paper) between Dsrel
and the parameters of the molecules, n, N and P, pointed out
that there is no direct correlation between any individual
parameter of the molecular structure and susceptibility to
NaOH. However, the comparison with the constant K*

A,1 (eqn
(10)) dened by all the molecular parameters showed a clear
trend (Fig. 12). In fact, this correlation is even improved if z, the
number of charges per non-graed monomer in the backbone,
is systematically taken as unity (Fig. 13). At present we cannot
rationalize this observation, other than by suggesting that it
may come from a stronger calcium complexation by monomers
This journal is ª The Royal Society of Chemistry 2013
with z > 1. However, assuming z ¼ 1 provides a very useful
relation for qualitative analysis of the dispersive effect of a wide
range of polycarboxylate superplasticizers in different alkaline
activated systems.29

The correlation between K*
A,1 (z ¼ 1) and Dsrel respects two

qualitative features expected (Fig. 13). First the relative yield
stress change coefficient converges to unity when K*

A,1 (z ¼ 1)
approaches zero and secondly values decrease with increasing
K*
A,1 (z ¼ 1). The solid line is an exponential t, which has the

advantage of converging to zero as K*
A,1 (z ¼ 1) grows to innity.

Other ts may be more relevant, but this provides a good means
for interpolation at this stage. It should be emphasized that
scatter is not surprising since this plot combines different
values of n, N and P as well as different backbone chemistries.

It has been observed that under a Dsrel of 0.6, the sensitivity
to hydroxides is low or insignicant and corresponds to a K*

A,1

(z ¼ 1) value of at least 180. For example, PCE2, which is
expected to be resistant to the hydroxides thanks to its K*

A,1

(z ¼ 1) value of 241, showed a Dsrel of 0.45. On the other hand,
below a K*

A,1 (z¼ 1) value of 80, it is certain that the sensitivity is
high as demonstrated by PCE1 that has a K*

A,1 (z ¼ 1) value of 61
and a Dsrel of 0.98. However, between 80 and 180, it is not easy
to dene which PCE is resistant or not to hydroxides. For this
reason the relation between the K*

A,1 (z ¼ 1) value and some
polymers remains qualitative, although it provides a useful
means to a priori identify which PCEs might be effective
dispersants in alkaline activated blended cement. We may also
note that exact values of Dsrel will depend on the cement
condition as can be deduced from Fig. 9.
Soft Matter, 2013, 9, 10719–10728 | 10725
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Fig. 13 Relative yield stress change coefficient Dsrel function of the adsorption
equilibrium constant K*A,1 calculated with the number of charges z¼ 1 for all types
of monomers in the backbone. The part of the graph where K*A,1 is smaller than 70
represents polymers that are very sensitive to the hydroxides, the one where K*A,1
is higher than 175, the polymers that have a good resistance to them and the one
in between, a “buffer zone”where polymers with the same K*A,1 value show totally
different behaviors facing hydroxides.

Fig. 14 Yield stress and compressive strength at 1, 3 and 28 days of super-
plasticized (PCE1 and PCE2) blended mortars with 25% wt and 50%wt of fly ash.

Fig. 12 Relative yield stress change coefficient Dsrel function of the adsorption
equilibrium constant K*A,1. Each dot represents a tested polymer. Under a Dsrel of
0.6, the polymers show a good resistance to the hydroxides.
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It has to be noted that the correlation is proposed for poly-
mers with N smaller than 6. Indeed when the polymer is too
ionic (i.e. when N is high), the interaction between the alumi-
nate phases and the polymer is very fast and strong and impacts
on the paste uidity.40 This leads to very different and unstable
yield stresses for the same dosage of polymer and therefore
cannot be used to dene the Dsrel.

Compressive strength of alkaline activated blended cements

Finally, as one of the aims of this study is to demonstrate that
PCEs can be used in alkali-activated blended cements without
loss of uidity, ow spread and compressive tests have been
performed on mortars with two levels of substitution of cement
by y ash (Fig. 14). To illustrate the difference between a
compatible and an incompatible PCE, polymers PCE2, chosen
thanks to K*

A,1 (z ¼ 1), and PCE1 were used respectively.
First of all, as indicated previously in the case of the cement

pastes, PCE1 showed a high sensitivity to the hydroxides with a
Dsrel between 0.89 (for 25% wt of y ash) and 0.96 (for 50% wt).
On the other hand, PCE2 conrmed its ability to work in a very
alkaline medium with a Dsrel around 0.6. The slight increase of
PCE2 sensitivity from 0.45 in the cement paste to 0.6 in the
mortar is probably due to the higher dosage of NaOH used in
the mortar (1.5% by weight of the binder instead of 0.5% in the
cement paste).

It has to be noted that although PCE1 and PCE2 diverge
notably in rheological performances with the addition of NaOH,
they do not induce different effects on mechanical performance
as compressive strengths are quite similar for the same level of
substitution.

For both levels of substitution, the addition of NaOH clearly
increases the compressive strength by about 50% for 25% wt of
y ash and 65% for 50% wt of y ash aer 1 day. However, aer
3 days, the alkali activated mortars showed a lower strength
than the mortar without NaOH. This probably comes from the
negative effect that enhanced aluminate dissolution can have
on the hydration of silicate phases.41 At 28 days, in the case of
25% wt of y ash, the strength of the alkaline activated system is
10726 | Soft Matter, 2013, 9, 10719–10728
still lower than that of the system without hydroxides. However,
the addition of NaOH in the system with the higher amount of
y ash slightly improved the compressive strength at 28 days.
This is understandable given the fact that the contribution of y
ash to the strength increases with its content, and thus the
impact of alkaline activation on the mechanical performances
is more visible at higher y ash content.

The purpose of using alkali activation is to substitute as
much clinker as possible without impacting too much the
mechanical strength at the early stage. From these data, it can
be observed that aer one day the compressive strength of a
non-activated mortar with 50% wt of y ash represents 36% of
the strength of a non-activated 25% wt y ash mortar. By adding
NaOH, this percentage is almost doubled (60%), showing that
higher substitution of cement by y ash is possible in practice
and can be done with the help of alkali activation to avoid high
This journal is ª The Royal Society of Chemistry 2013
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decrease of compressive strength. However, for this to be
adopted in practice, a PCE compatible with hydroxides is
needed and this paper shows how to select its ideal structure by
using K*

A,1.
Conclusions

Interactions between polycarboxylate superplasticizers and
alkali-activated systems with 30% wt of y ash have been
studied. Firstly, from the point of view of hydration, data
showed that the addition of NaOH accelerated hydration and
decreased the retardation due to the PCEs.

Rheological data showed a high loss of uidity when a
conventional PCE was used in the alkali-activated system. This
was shown not to be due to a change in molecular structure
such as a hydrolysis of the side chains but to a change of
adsorption degree, probably due to a competitive adsorption
with the hydroxyls. On this basis and in order to link the
molecular parameters to the dispersive efficiency in such alka-
line media, an adsorption equilibrium constant, K*

A,1, calculated
with these structural parameters, has been applied to rheolog-
ical measurements of pastes dispersed with PCEs varying in
their structure and chemistry. This was found to successfully
rank the PCEs' susceptibility to hydroxides. For the rst time,
this criterion opens the door to the molecular design of PCEs
compatible with alkali-activation systems and offers promising
prospects to increase the substitution level of cement by not
only y ash but also other slowly reactive binders that have a
lower environmental impact than clinker.
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