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Abstract The impact of two different dialyzed

styrene-acrylate polymer dispersions on the early

hydration of OPC was studied. The polymer particles

of both dispersions show a similar particle size

distribution and high charge due to carboxylic groups

on the surface of the particles. Both dispersions also

show similar adsorption behavior. The hydration of

the OPCwas studied at a polymer concentration below

the initial adsorption in order to evaluate possible

reasons for the interaction of the polymer particles

with cement hydration. It can be shown that the

polymer particle with the lower glass transition

temperature Tg shows a stronger impact on cement

hydration, which cannot be explained by any influence

on the pore solution composition or the initial

dissolution of cement phases. Hence, the adsorption

mechanism seems to be the most likely cause of the

interaction of the polymers with hydrating cement.

Keywords Cement hydration � Polymers � Pore
solution � Retardation � Glass transition temperature

1 Introduction

Composite binders combining inorganic binders such

as Ordinary Portland cement (OPC) as well as organic

binders such as polymer dispersions are widely used in

numerous applications. The additional use of such

organic binders improves significant properties such

as the flexural strength, water impermeability, or

adhesive strength [1–3]. These properties are very

important for applications such as tile adhesives, self-

leveling underlayments, sealing slurries, or repair

mortars for concrete.

It is well known that a range of compounds can

retard cement hydration. This impact is not limited to

only dispersed polymer particles but is also produced

by water-soluble compounds and polymers. The most

important retardation effect is certainly the retardation

caused by superplasticizers, which has been studied in

numerous publications (e.g. [4–7]). However, it has

also been shown that water-soluble polymers that do

not act as superplasticizers [8] as well as the aqueous

phase of a dispersion containing e.g. water-soluble

emulsifiers, protective colloids, or oligomers retard

the cement hydration as well [9–11]. While the

aqueous phase can lead to a pronounced prolongation

of the induction period, the polymer particles can lead
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to a short prolongation of the induction period in

addition to a significant slowdown of the hydration

process during the main hydration [9].

Most polymer dispersions retard the hydration of

OPC through a combination of both effects, retarda-

tion by the aqueous phase and retardation by the

polymer particles. It has been shown that the negative

charge density on the surface of the polymer particles

is crucial for the retardation of OPC hydration. A

higher charge results in a stronger retardation of the

hydration process [12–14].

In literature, two possible interactions for the

retardation of OPC hydration by polymer particles

are discussed. The first possible interaction is the

adsorption of polymer particles (also described in

[15]) on cement or hydrate-phase grains, resulting in a

steric hindrance of the hydrate-phase growth and/or

the occupation of nucleation sites [16–19].

The second possible interaction is the complexation

of calcium from the pore solution, leading to a

decreased Ca concentration in a pore solution and as

a result to slower hydrate-phase growth [20–23].

Recently, the glass transition temperature of poly-

mer particles was discussed as another crucial factor

for the effect on cement hydration. Lu et al. [24] and

Han et al. [18] agree that soft polymers (with a very

low Tg) have a stronger impact on the hydration of an

OPC than harder polymers with a very high Tg. It is

discussed in both publications that the deformation of

polymer particles can lead to a higher surface coverage

of the cement particles, producing a physical hin-

drance of the hydration process.

The intention of the present work is to expand the

knowledge of the retardation of OPC hydration by

polymer particles without any water-soluble com-

pounds in the aqueous phase, especially with more

data about the phase evolution, pore solution data, as

well as data for saturation indices during hydration.

This in turn can help to obtain an even more detailed

view of the hydration of OPC with polymer particles.

2 Materials and methods

The temperature chosen for all experiments was

23 �C. The w/c ratio used for all experiments was

0.41. Deionized water was used for all experiments.

Before the paste experiments described later in the

manuscript were started, the cement was mixed

properly with water and/or dispersion. Mixing was

done using a small electrical stirrer that allows the

mixing of small sample amounts (2–4 g). The mixing

speed applied was 860 rpm. The mixing produced a

homogenous paste without bleeding or unwetted

particles.

2.1 OPC used

The Ordinary Portland cement (OPC) used for this

study was a commercial cement of the quality CEM I

52.5 R. A chemical analysis and phase content were

obtained with X-ray fluorescence (XRF) and XRD

measurements. The results of the XRF and XRD

analysis are shown in Table 1.

2.2 Polymers used

Two different styrene acrylate copolymers with a

varied monomer composition of n-butyl acrylate (BA)

and styrene (St), as shown in Table 2, were synthe-

sized by emulsion polymerization. Both polymers

show a relatively similar particle size (DLS, Malvern

Zetasizer 3000hs, UK) but different glass transition

temperatures (Tg, measured by DSC Q2000, TA

instruments�, USA) due to their different monomer

composition. For one polymer that contains less BA

than St, the Tg is higher than the one with more BA

content. The polymer with a Tg of 58 �C was called

hard polymer, while the polymer with a Tg of - 5 �C
was called a soft polymer because of their different

film-forming properties at room temperature (23 �C).

Table 1 Phase composition and chemical composition of the

OPC used

Phase wt% Oxide wt%

Alite 59 CaO 62.7

Belite 11 SiO2 20.1

C3Acubic 7 Al2O3 5.5

Gypsum 3 Fe2O3 3.3

Bassanite 2.4 MgO 2.8

Anhydrite 2.0 Na2O 0.1

Calcite 4.4 K2O 0.83

Syngenite 0.9 SO3 1.8

Brownmillerite 9 TiO2 0.2

LOI 1.8
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During cement hydration, due to the continuous water

consumption, the soft polymer is expected to form a

polymer film, while the hard one would maintain a

spherical form despite water consumption and evap-

oration. The other important characteristics of the

polymer dispersions, such as the surface charge

density (PCD 05, MÜtek Analytic, Herrsching, Ger-

many), surface functional group, and pH, are also

shown in Table 2.

Since the intention of this study is only to inves-

tigate the effect of the polymer particles on cement

hydration, the dispersions were cleaned before the

experiments were performed. The polymer disper-

sions were cleaned by dialysis in order to remove the

components in the serum phase (oligomers, salts,

residual monomers, emulsifiers). DI water as an eluent

and a cellulose ester semipermeable membrane with a

pore size of less than 10 nm were used. Dialysis was

performed until the conductivity of the dialysate

dropped from around 1000 lS/cm to below 30 lS/
cm. Dialysis per latex sample usually took at least

3 days.

2.3 Determination of the initial adsorption

of the polymer particles

There is a scientific consensus that the adsorption of

polymer particles occurs according to a specific

pattern. Firstly, an almost complete adsorption can

be detected up to a certain amount of polymer in

relation to cement. At higher dosages, polymer

particles are spread on the surface of the cement

grains as well as in the pore solution of the cement

[9, 15, 25].

The adsorption of the above-mentioned polymer

latexes was also studied in cement pastes. Cement

paste was prepared by thoroughly mixing 50.0 g

cement with DI water and a varied amount of polymer

latex for 1 min using a hand mixer. The w/c of the

cement paste was fixed at 0.41, and the water amount

introduced by the addition of the latex was taken into

account. The well-mixed fresh cement paste was then

introduced into a centrifuge tube and centrifuged at

4000 rpm for 5 min. The supernatant liquid was

collected using a syringe. The solid content of the

supernatant liquid was measured by completely drying

the liquid in an evacuated oven at 100 �C for 2 h. It is

known that the obtained solid contains salts from the

interstitial solution of fresh cement paste and residual

polymer in the aqueous phase. Usually the solid

content of the supernatant liquid of the blank cement

paste is in a range of 2.1–2.3% and originates from the

various salts and alkalis in the interstitial solution of

fresh cement paste. As seen in Fig. 1, the mass loss of

such solid occurs mainly in the temperature ranges of

400–550 �C, which is believed to be caused by the

existence of dissolved Ca(OH)2 in the pore solution.

This part of the mass loss is around 9% and the residue

is around 91%. For the pure polymers, one can see that

the major mass loss takes place in the temperature

range of 320–400 �C and the residual content of the

sintered polymer after 600 �C is around 1.7% for the

soft polymer and 0.9% for the hard polymer. There-

fore, we ignored this part in our study, and we assume

that the polymers are totally burned during the

sintering process of 100–600 �C. For a unit gram of

the dried supernatant liquid of the cement pastes

containing a varied amount of polymers, the mass loss

(Mloss) mainly occurs in the temperature range of 320–

450 �C and is caused both by the polymer and the

decomposition of Ca(OH)2. The residue after 600 �C
sintering (denoted as Mres) contains mostly the

sintered salts from the pore solution. In Fig. 1, the

polymer content in the dried solid part of the

supernatant liquid could be calculated asMloss - Mres-

9 0.09/0.91. In order to quantify the polymer content

in the supernatant liquid [polymer (%)], a certain

amount of the supernatant liquid (Mliquid) was dried at

100 �C to achieve a constant weight (approx. 2 h). The

dried solid (Msolid) was sintered at 600 �C for 1 h in a

Table 2 Characteristics of the polymers used

Samples Monomer composition (wt/%) Tg Surface charge Particle diameter/nm Charge density/(ueq/g) pH

St BA pH = 7 pH = 12

Hard polymer 73 25 58 �C –COO- 312 - 85 - 120 5.21

Soft polymer 36 62 - 5 �C –COO- 271 - 85 - 162 5.18
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ceramic container, and the mass loss (Mloss) as well as

the residue amount (Mres) was measured. The polymer

content in the supernatant liquid was then calculated

from the equation below:

Polymer ð%) ¼ ðMloss �Mres � 0:09=0:91Þ= Mliquid

� �

� 100

In this way, the concentration of polymer remaining in

the aqueous phase was quantitatively determined. The

amount of the adsorbed polymer can be calculated by

subtracting the amount of polymer remaining in the

aqueous solution from the amount of polymer initially

added to the cement paste.

2.4 Heat flow calorimetry

Heat flow calorimetry was performed using a TAM

Air calorimeter from TA Instruments. Before measur-

ing, the samples were equilibrated at 23 �C. Samples

were carefully mixed externally with a spatula for

1 min. Between 1 and 2 g of paste were filled in the

ampoules for measurement. The curves obtained were

normalized with respect to the amount of cement used

(mW/g).

2.5 In-situ XRD

In-situ XRD was applied in order to follow the phase

composition of the samples quantitatively. XRD has

the advantage that the crystalline phases during OPC

hydration can be quantified by their characteristic

peaks, which occur as a function of the space between

the lattice plains in a crystal. The dry cement was

mixed with water and/or dispersion and then placed

into a special sample holder that allowed temperature

control during measurement [10, 26, 27]. XRD

patterns were recorded in situ, hence it was not

necessary to stop the hydration process. The time

needed for each pattern was 0.25 h. Before measuring,

the samples were covered with Kapton film in order to

avoid carbonation and evaporation of water. Rietveld

refinement (applying the Bruker software Topas) was

used in order to interpret the measured intensities

quantitatively. Rietveld refinement only considers the

crystalline part of the sample, which makes it neces-

sary to combine it with an external standard method

[28–30] in case that non-crystalline phases (e.g.

missing water) are in the sample. The values from

the combination of both methods result in absolute

values of wt% in the cement paste. These values are

plotted in the following figures in the manuscript. The

Fig. 1 TGA curves of the dried pure polymer latexes (hard polymer and soft polymer) and the dried supernatant liquid (pore

solution = PS) of various cement pastes (blank, hard polymer 15% and soft polymer 15%)
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crystal structures used for the Rietveld refinement are

shown in Table 3.

2.6 Pore solution analysis

Pore solution analysis was performed in order to

obtain information about the dissolved ions and the

saturation indices of the possible phases. In earlier

times, pore solution was extracted by centrifugation,

and later on a solution was extracted by pressing.

Afterwards, the ionic concentrations were measured

applying quadrupole inductively coupled plasma mass

spectrometry (Q-ICP-MS). Due to the complex matrix

and the low amount of silicon in the pore solution,

silicon was measured using the standard addition

method.

Before measuring, the pore solution was filtered

through a 200 nm filter in order to remove any cement

particles. Additionally, the pore solution was acidified

using HNO3 in order to avoid the crystallization of

hydrate phases during storage before measurement.

The software PHREEQC [43] was applied in order

to calculate species distribution in the pore solution as

well as the saturation indices of the phases of interest.

Since the ionic strength of the pore solution is around

0.3 M, the Pitzer approach was applied in order to

account for the ion-ion interaction. The database used,

including the solubility products for C–S–H and

ettringite, is consistent with the database of Blanc

et al. [44, 45]. The C–S–H solubility product with a C/

S ratio of 1.6 was used for the calculation of the

saturation indices for C–S–H at different point in time

during hydration.

When using pore solution extraction with pressure,

one must always take into account that some draw-

backs are possible. On the one hand, it is possible that

some crystalline phases might be destroyed by the

applied pressure, and on the other hand, it is also

possible that the extracted pore solution does not

represent the high ionic charge near the surface of the

cement particles. However, the extraction of pore

solution by either centrifugation or pressing is still

state of the art inasmuch as no other methods are

available at present.

3 Results

Figure 2 shows the initial adsorption of the polymers

used in this study on the cement used. It can be seen

that there is a complete adsorption of the polymer

particles until around 10% with regard to the amount

of cement used. In the present study, an amount of

10% was chosen for the experiments. This amount

leads to a clean pore solution in which no polymer can

be detected. This pore solution in turn can bemeasured

directly without any additional treatment (e.g. remov-

ing polymer particles from pore solution).

Hence, the present study concentrates on the

surface effects of the adsorbed polymer particles, but

not on a possible interaction of the free polymer

particles with the ions dissolved in the pore solution.

Figure 3 shows the impact of 10 wt% of the

polymers used on the hydration of the OPC used. It

can be seen that both polymers influence the heat flow.

The hard polymer has less impact than the soft

polymer. Both polymers show a short prolongation of

the induction period. The acceleration period starts

later when polymers are present. The soft polymer

leads to a more prolonged induction period than the

hard polymer. There is also a big impact on the

maximum heat flow during the main period of

hydration when the polymer particles are present.

The maximum heat flow recorded during the main

period is around 3.5 mW/g for the blank paste, and it

decreases when the polymers are added. The main heat

during the main period is around 2.8 mW/g for the

hard polymer and around 2 mW/g for the soft

polymer. The duration of the main period is also

prolonged when polymer particles are added. The

duration for the blank system is around 20 h.While the

duration of the main period with the hard polymer

Table 3 Structures used

for Rietveld refinement
Structure Literature

Alite [31]

Belite [32]

C3Acubic [33]

Gypsum [34]

Bassanite [35]

Anhydrite [36]

Calcite [37]

Syngenite [38]

Portlandite [39]

Ettringite [40]

C–S–H [41]

Brownmillerite [42]
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seems to be almost comparable to the blank system,

the duration of the main period is around 35 h when

the soft polymer is added.

Figure 4 shows the results from in situ XRD. The

quantitative development of the alite phase as well as

the reaction turnover of the alite phase is plotted. It can

be seen that both polymers slow down the reaction

turnover of the main alite phase. The hard polymer

shows a significantly lower impact on the hydration

than the soft polymer. After 24 h alite reaches only

two-thirds of the reaction turnover with the soft

polymer when compared to the blank system.

The influence of the polymer particles on the

ettringite formation is shown in Fig. 5. It can be seen

that both polymers show a significant impact on the

formation of ettringite. Both polymers lead to a

significantly lower amount of ettringite formed after

24 h.

In addition to the presented examination methods,

pore solution analysis was performed in order to see if

the adsorbed polymers have an impact on the pore

solution chemistry, which may be caused by hindering

the dissolution of the cement phases.

For the blank cement, the pore solution composi-

tion evolves as shown in Fig. 6 [see also 26]. At the

beginning, a Ca concentration of around 1000 mg/l

can be detected. The silicon concentration is much

lower at around 1–2 mg/l. After several hours (here

7 h), the long-range ordered C–S–H phase can be

detected, and the pore solution composition changes.

While the calcium concentration decreases, the silicon

concentration increases. Figure 6 also shows the

calculated saturation index for C–S–H. It can be seen

that at early stages there is a high oversaturation for C–

S–H, which decreases over time until the pore solution

Fig. 2 Initial adsorption of the polymers used

Fig. 3 Heat flow curves (error ± 0.1 mW/g) of the cement

when used with and without polymer particles
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is almost in equilibrium with C–S–H but still

oversaturated.

Figure 7 shows the sulfur and aluminum concen-

tration in the pore solution, the saturation index of

ettringite, and the phase evolution for C3A, gypsum

and ettringite. It can be seen that there is a very high

sulfur concentration in the pore solution, while the

aluminum concentration is very low. After the last

sulfate carrier, gypsum, is dissolved after around 12 h,

a massive drop in the sulfur content in the pore

solution can be detected. After the sulfur concentration

drops, an increase in the aluminum concentration can

be seen. This increase is certainly triggered by the

ongoing dissolution of C3A, which was blocked by

sulfate at early hydration times [26]. The oversatura-

tion of ettringite is very high at the very beginning of

hydration but drops significantly after several hours.

At later points in time, the saturation index of ettringite

turns to negative values, which is due to the completed

sulfate consumption from the pore solution.

Figure 8 shows the heat flow curves of the exam-

ined systems as well as the calcium and silicon

concentrations of the examined systems. It can be seen

that the evolution of the pore solution is comparable

but with a time shift when polymers are added. It can

also be seen that calcium starts in all systems at a very

high concentration that is comparable to the concen-

tration in the blank system. The silicon concentration

is much lower but also comparable in the three

examined systems. The development/shift of the pore

solution (decrease in calcium concentration, increase

in silicon concentration) is comparable to the blank

Fig. 4 Alite quantities (error ± 1 wt%) and reaction turnover of alite with and without the addition of polymers

Fig. 5 Ettringite formation (error ± 1 wt%) during hydration

of the OPC used with and without polymer addition
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system in the presence of polymers but occurs at later

points in time. As shown in Fig. 6, the shift in the pore

solution composition takes place at the point in time

where long-range ordered C–S–H is formed. Hence, it

is possible that the shift of the pore solution compo-

sition is retarded because the polymers lead to a

significantly later formation of the long-range ordered

C–S–H as shown indirectly for the alite turnover in

Fig. 3 and directly in Fig. 9 for the blank system and

the systems with polymer added.

Figure 10 shows the heat flow curves of the

examined systems as well as the saturation indices

Fig. 6 Alite and C–S–H quantities (error ± 4 wt%), Ca and Si concentrations and the saturation index of C–S–H during hydration of

the used OPC

Fig. 7 C3A, gypsum and ettringite quantities, S and Al concentrations, and the saturation index of ettringite during hydration of the

used OPC
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for C–S–H as calculated. It can be seen that the

saturation indices are absolutely comparable at the

beginning of hydration. Since the C–S–H phase is

formed later in the systems with polymer, the shift in

the pore solution composition occurs later and the

oversaturation with respect to C–S–H stays constant at

a higher level for a longer time period if polymers are

present. However, the formation of C–S–H is signif-

icantly retarded in the presence of polymers. Hence, it

seems that the lower formation rate of C–S–H cannot

be explained by the chemical force resulting from the

pore solution composition.

The same can be seen for the formation of the

ettringite phase as shown in Fig. 11. Both polymers

show a significant impact on the formation of ettrin-

gite. Even at later points in time, at around 15 h, when

the saturation index for ettringite is much lower in the

blank system than in the systems with polymers, a

significantly slower precipitation of ettringite can be

detected.

4 Discussion and conclusion

Figure 12 summarizes the potential mechanisms

affecting the hydration of an OPC if polymer particles

are present. The interaction of the non-adsorbed

polymer particles is not discussed here, because only

concentrations were studied that are below the initial

adsorption of the polymer particles. However, detailed

data concerning phase development and pore solution

is presented for the first time using cleaned polymer

dispersions. In this way, the impact of polymer

particles on cement hydration without the influence

of the aqueous phase can be discussed. The adsorption

of polymer particles on a cement surface seems to be a

Fig. 8 Heat flow curves and Ca, Si concentrations in the pore solution with and without polymers

Fig. 9 C–S–H formation (error ± 4 wt%) quantified by XRD

during hydration of the OPC used without polymer and with

addition of the soft polymer
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crucial factor. This is discussed in the introduction to

this paper and is well known for polymers that act as

water reducers and superplasticizers [46].

Potential mechanism 1, assuming that adsorbed

polymer particles can hinder the dissolution of the

cement phases, was recently discussed [6] for water-

soluble superplasticizers but seems to be negligible in

our system with polymer particles when considering

the results from the presented study. It can be seen that

the pore solution compositions do not vary at the

beginning of hydration and during the induction

period in the presence of the examined amount of

polymer particles, resulting in comparable saturation

indices for C–S–H and ettringite in all examined

systems. A hindrance of the dissolution of a clinker

phase such as alite or C3A would lead to a lower

Fig. 10 Saturation indices for C–S–H and heat flow curves during hydration of the OPC used with and without polymer addition

Fig. 11 Saturation indices for ettringite and ettringite quantities during hydration of the OPC used with and without polymer addition
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concentration of ions in the pore solution and as a

consequence to a lower oversaturation. Additionally,

it can be seen that the saturation index for ettringite

stays comparably high for a long hydration time in the

system with the soft polymer but the ettringite

formation rate is the lowest of the all systems

examined.

Mechanisms 2 and 3 are more likely (steric

hindrance of the growth of hydrate phases (as

discussed in [16–19]) and/or the occupation of nucle-

ation sites), because it could be detected that although

the oversaturation is comparably high, the formation

and growth of C–S–H and ettringite are retarded. From

data presented for C–S–H it cannot be distinguished if

the added polymers occupy the nucleation sites for the

hydrate phases formed or if the adsorbed polymer

particles directly hinder the growth of the hydrate

phases.

Considering the results for ettringite, the mecha-

nism of growth hindrance seemsmost likely. Ettringite

can be detected at the beginning of hydration in all

systems, hence it can be assumed that the nucleation of

ettringite is possible in the examined systems with and

without polymers added. While the oversaturation

with respect to ettringite is comparable to the blank

system when polymers are added, a significantly lower

amount and slower formation rate can be detected,

leading to the conclusion that the formation of

ettringite seems to be hindered by steric issues.

Based on the data presented, the following conclu-

sions can be drawn. The hydration of OPC was

examined in blank paste and with the addition of

polymer particles. A polymer dosage below the

detectable adsorption was chosen so that the pore

solution was almost free of polymer particles. No

statements can be made concerning the potential

complexation of ions by the non-adsorbed polymer

particles in the pore solution. The impact of polymer

particles with the chosen amount is most likely caused

by surface effects on the cement or hydrate phase

grains where the polymers are adsorbed [as also

discussed in 16, 17], perhaps hindering the nucleation

but certainly the growth of the hydrate phases. A soft

polymer shows a higher impact on hydration in

comparison to a hard polymer, which indicates that

with a comparable adsorbed amount of polymer, the

soft polymer covers a larger area of cement grains or

hydrates due to the deformability of the polymer

particles. This seems to be in line with the findings

from other research groups [18] and prework of the

authors [24].

Fig. 12 Potential interactions of polymer particles with OPC
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5 Conclusion

• The impact of the adsorbed polymer on the

dissolution of clinker phases is less likely to be

the cause for the retardation of polymers on cement

hydration, in view of the initial concentration of Ca

and Si as well as the saturation indices of CSH and

AFt.

• Soft polymer exhibits stronger retardation of

cement hydration than hard polymer. The forma-

tion of both CSH and AFT is severely slowed down

by the soft polymer.

• Surface effects of the polymer on the cement or

hydrate phase grains is more likely for retardation.

The adsorbed polymer may hinder the nucleation

and growth of the hydration products by occupying

the effective sites. The soft polymer showing a

stronger impact on hydration than the hard polymer

suggests that at a certain polymer adsorption, the

soft polymer covers a larger area of cement grains

or hydrates due to the deformability of the polymer

particles. This is in line with the findings from

other research groups.
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