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Abstract

Here is studied the variation in cohesion of cement main phase (C-S-H) as a result of cationic polyelectrolytes addition (quaternary
amines spermine and norspermidine). Cohesion study was carried out by molecular simulation techniques (Monte Carlo) using a
primitive model in a canonical ensemble (NVT). The proposed model takes into account the influence of ionic size of each particle and
the addition of polyelectrolytes with different charge number and separation. The results obtained show that electrostatic interactions are
responsible for the cohesion of the hardened cement. It was found that in absence of cationic polyelectrolytes, cohesion is lost when the
C-S-H lamellae are at separations larger than 1 nm. Adding cationic polyelectrolytes generates a distribution of hydroxide ions around
the polyelectrolyte charges, facilitates the distribution of calcium and sodium ions in the entire space between C-S-H surfaces; this allows
the cohesive forces exist at greater distances of separation between the surfaces.

Keywords: cement cohesion, molecular simulation, cationic polyelectrolytes, osmotic pressure, primitive model.

Efecto de la adicion de polielectrolitos cationicos en la cohesion del
cemento

Resumen

Se estudia la variacion en la cohesion de la fase principal del cemento (C-S-H) por efecto de la adicion de polielectrolitos catidnicos
(aminas cuaternarias espermina y norespermidina). El estudio de la cohesion se realiza mediante técnicas de simulacion molecular
(Monte Carlo) usando un modelo primitivo en el ensamble Canodnico (NVT). El modelo propuesto tiene en cuenta la influencia del
tamafio idnico de cada particula y la adicion diferentes polielectrdlitos. Los resultados muestran que las interacciones electroestaticas son
las responsables de la cohesion del cemento. Sin polielectrolitos la cohesion se pierde cuando las laminas de C-S-H tienen separaciones
mayores de 1 nm. Los polielectrolitos generan que los iones hidréxido se distribuyan alrededor de las cargas de estos, facilitando la
distribucion de los iones de calcio y de sodio en el espacio de separacion entre las superficies del C-S-H, esto permite que las fuerzas de
cohesion existan a mayores distancias de separacion.

Palabras clave: cohesion del cemento, simulacion molecular, polielectrolitos catidnicos, presion osmética, modelo primitivo.

1. Introduction

Cement is considered an artificial mineral, whose raw
materials for elaboration are limestone, clay, sandstone and
gypsum. These materials are put through a series of
processes to complete the elaboration of the final product,
which include grinding, homogenization (wet or dry),
calcination and clinker trituration [1]. The lamellac of
calcium silicate hydrate (C-S-H) constitute between 50 to
67% of the final volume of hydration products, becoming
the main component of hardened cement. C-S-H is therefore
responsible of the main macroscopic mechanic properties of

cement, specially the resistance to compression stress and
durability.

To give an appropriate description of factors which
influence the cement of cohesion, it must consider the
interactions that can occur among C-S-H lamellae, ions in
interstitial solution and the interaction between these two
factors. A detailed description of cohesion, it should
contemplate in its model the attractive forces which
generate surfaces of C-S-H charged negatively and confined
ions that are located among C-S-H lamellae.

Up to now it has postulated two interactions that give
explanation to the cement of cohesion phenomenon: the
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attraction between the ions of interstitial solution with
lamellae, due to electrostatic attractions generated by the
high ionic correlation [2], this occurs with high pH values;
and the interaction between ions that are embedded in the
C-S-H lamellac which generate attractions closer to a
covalent bond character [3]. Hence the system presents
characteristics of ionic interactions and covalent bonds,
which allow the lamellae remain linked together, these
interactions are mainly responsible for the cohesion of
hardened cement.

The debate that has taken place among researchers to
elucidate the interactions is more representative, it has been
continuous in recent years [4-5]. However, the character of
covalent bond is not clearly defined. The results obtained in
a previous study [4] show that about 60% are interactions of
ionic character, which implies that the covalent character is
around 40%, this could give clue that calcium ions are
embedded in C-S-H structure which have a less
interchangeable character and they have a limited
movement. While interstitial ions (among lamellae) have a
mobile more character.

In this article, we wish to present a model that describes
the most representative interactions which generate cement
cohesion in C-S-H lamellae with separations of up to 2 nm
and the cations presence between the lamellac. For this
model only considered electrostatic interactions (ionic
character), with the understanding that such interactions are
the most representative. This has been widely studied, both
theoretically and experimentally [6-11].

The Poisson-Boltzmann and the DLVO theories were
the first two theoretical explanations to the cohesion
phenomenon. These theories do not consider the high ionic
correlation generated between divalent ions of Ca2+ and the
C-S-H lamellae, and inaccurately predict the cohesion of
hardened cement paste [6,8,11-14].

The primitive models have allowed explaining the
cohesion of cement in an adequate manner, and allowing
calculating the attraction forces generated between the ions
present in solution and the C-S-H lamellae, using
Coulomb’s potential. Results show that these kinds of
models are able to represent the strong ionic correlation in
cement at a molecular scale, due to the coupling between
co-ions and counterions in the electrolytic solution and the
lamellae of C-S-H (with high density of negative superficial
charges). The strength of attraction forces is associated with
the cement’s capability of resisting compression stress, but
is also associated with a weak response to traction stress [4-
5,11].

Recent studies propose a possible way to modify the
molecular interactions in order to modulate the ductility of
cement by implementing changes in the interactions
between the electrolytic solution and the C-S-H lamellae
[5]. This consists in adding polyelectrolytes (to the clinker)
with the goal of creating cement with higher resistance to
traction stress due to higher interaction range between C-S-
H lamellae and the electrolytic solution.

Literature shows important breakthroughs in this matter,
both theoretical and experimental [5,15-18]. However, there
is still work left in the way to improve the macroscopic
properties of cement, modifying the interactions solution-

lamella by the inclusion of new compounds in the solution.

In this work, Monte Carlo molecular simulation is used
to determine the changes in cohesion forces due to the
addition of cationic polyelectrolytes to the clinker and to
establish the variation of this cohesion force with the
separation between C-S-H lamellae. Thus, an important step
is made towards accurately modeling and understanding
cement in a nanometric scale, which allow modulating and
ultimately improving the macroscopic properties of this
important material.

2. Model

For the development of this model it was considered that
the interactions between nanoparticles of C-S-H can be
represented as the interaction of two flat walls negatively
charged, with a charge density correspondent to the natural
mineral tobermorite. All the ions in the interstitial solution
were represented explicitly, and water was modeled as a
continuum dielectric medium, characterized only by its
relative permittivity. The confined solution was represented
as a solution of electrolytes and polyelectrolytes with
positively and negatively charged ions in order to guarantee
neutral charge of the system as a whole, and whose mean
concentration varies with the separation between the C-S-H
lamellae.
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Figure 1. Schematic representation of the system: the C-S-H lamellae
negatively charged and in solution ions of Ca™, Na*, OH", norspermidine
(A) and spermine (B).
Source: The authors.
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For the simulations without polyelectrolytes, the
interstitial solution was represented with calcium, sodium
and hydroxide ions. In order to study the effect of the
addition of cationic polyelectrolytes, this compounds were
represented as quaternary amines, as they are the only stable
polyelectrolytes at the pH conditions that characterize the
cement paste (pH>12.5). The two polyelectrolytes chosen
for this study were norspermidine (H3N*-(CHz)3;-N*Ha-
(CH2)3-N*H3) (Fig. 1 A) and spermine (H3N"-(CH2)3-N*Ha-
(CH2)s-N"H2-(CH2)3-N*H3) (Fig. 1 B).

In order to represent the attractive and repulsive
interactions generated at a molecular scale in cement
cohesion, a primitive model was used, with Lennard-Jones
and Coulomb’s potential.

The model here proposed presents two novel aspects
respect to previous studies [5-6,8]. The first aspect is the
consideration of different atomic sizes of the species
involved in the electrolytic solution. The second aspect is
the addition of a cationic polyelectrolyte with different
separation distance between the positively charged amine
groups.

The primitive model represents the ions in the
electrolytic solutions as soft spheres with a positive or
negative electric charge, depending on the nature of the ion.
These ions are separated a distance (r; — 1j). The solvent in
which ions are submerged is modeled as a continuum
medium with a constant relative permittivity (&€,).

Coulomb’s potential is used to describe the electrostatic
interactions between all ions in the solution, and between
the ions and the negatively charged sites at the surfaces of
C-S-H:

qigj

u(r,ry) = P — (ri—r)>d

€y

Where €5 and d are the vacuum permittivity and the
characteristic diameter of each ion present in the system,
respectively.

Short range interactions are described using Lennard-

Jones potential:
o \Z /g \6
wew(() -(2)) @

The values of parameters € and o were taken from the
general force field CLAYFF [19], and are listed in Table 1.

Cationic polyelectrolytes were added in the center of
the simulation box and were distributed equally and
perpendicular to the surfaces of C-S-H. The potentials for
bonds between carbons and hydrogens in the
polyelectrolytes were not considered explicitly, as they
are not relevant in electrostatic interactions. The
polyelectrolyte norspermidine have three positive charges,
and the spermine is a quaternary amine that has four
positive charges. The distance between each amine group
is illustrated in Fig. 2.

The interaction parameters between atoms of different
nature are evaluated using the Lorentz-Berthelot mixing
rules:

Table 1.
Lennard-Jones potential parameters used in the model.

Species £ (kcal/mol) a(A)
OH 0.1554 3.5532
Ca*' 0.1000 3.2237
Na* 0.1301 2.6378
R3N™ 0.0650 3.3262
Source: Adapted from [19]
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Figure 2. Distance of amine groups for Norspermidine (A) and spermine
®B).

Source: The authors.

1
Gij = E(Gi + G]) (3)
& = /&g )

The lamellae of C-S-H were modeled as uniform surfaces
of 60 nm long (X axis) and 30 nm wide (Y axis). For the
separation between lamellac of C-S-H, four different
separations were considered in simulations (0.5, 1, 1.5 and 2
nm).

Assuming C-S-H has a structure similar to tobermorite
[13], the surface charge density for the walls was set to 4.8
e-/nm?. Although size and charge density of C-S-H lamellae
can vary with concentration of species and pH, these
variations are not considered in this work.

For flat surfaces, cohesion force is directly related to the
osmotic pressure of the system, and this osmotic pressure is
also related to the interactions between particles. To obtain
the net osmotic pressure it is necessary to evaluate the
confinement osmotic pressure and the bulk osmotic pressure
when the system is equilibrated. The confinement osmotic
pressure of the interstitial solution can be calculated with
the ionic distribution near the C-S-H surface:

2

)

c
RESRT = kaT ) €Y — 52—

1
With the concentration of ions near the charged wall it is
possible to evaluate the expression kgTC*?!. The sum of
the interactions of a wall with all the ions present in the
simulation box and the other charged wall is obtained by the

2
Maxwell term —— [6].
2€r€o
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The bulk osmotic pressure considers the effects of the
ions fraction volume (@), the ion bulk concentration for
each ion species (X;), the average energy of the system
(Uor) and the correlation function between the ions

(gij (dhc))5

U
poulk = kBTZ cPulk|1 + —<3kt;tT>
i

+ 49 Z z gij(dhc)X?ka]Bulk (6)
i

For the calculation of C'3!! and CB"¥ in eq. (5 and 6), it
is considered that the "wall" region extends from each wall
to a distance of 0.6 ooy (2.13 A), and the “bulk” region the
remaining space in between them.

The correlation function between ions indicates the
direct influence of a given particle over another; located at a
distance d (the diameter of the ion). This function is
calculated as:

qi4;j

gij(dnc) = od @)

Therefore, the net osmotic pressure of the system is

obtained by:

— pconf Bulk
- Posm - Posm

)

Simulation results are the equilibrium distributions of all
ions in the interstitial solution, which allow calculating the
osmotic pressure. This osmotic pressure is an indicator of
the cohesion force of the composed system of the C-S-H
lamellae and the electrolytic interstitial solution.

Posm

3. Simulation details

Monte Carlo simulations were performed using a
canonical ensemble (NVT) at 25°C, with periodic boundary
conditions in two dimensions (X and Y axis). The cut radius
for electrostatic interactions was set to 60 nm, which
corresponds to the length of the simulation box.

For the analysis of the cohesion between C-S-H lamellae,
three different systems were used: with no polyelectrolytes
(only ions of Ca*?, Na" and OH); with norspermidine: H3N"-
(CH2)3-N"Hz-(CH2)3-N"Hs, and lastly with spermine: H3N™-
(CH2)3-N"Hz-(CH2)4-N"H2-(CH2)3-N"Hs. For each system four
simulations were conducted, at four different separation
distances, for a total of twelve simulations.

Table 2 summarizes the amount of ions used in each
simulation. The polyelectrolytes were added in the Z axis,
perpendicular to the surfaces of C-S-H.

The number of ions was determined considering that the
concentration of the solution was 20mM for Ca”* ions, 100
mM for Na" ions and 15 mM for polyelectrolytes
(Norspermidine and spermine) [5,11]. OH™ ions were added
as necessary in order to guarantee the electric neutrality of
the system. Thus, it is possible to obtain a similar pH to that
observed in real cement paste (pH>13).

Table 2.
Wall separation (z) and number of ions for simulations. Norspermidine
(Nor) and spermine (Spe).

z (nm) Simulation Ca” Na* OH" Nor Spe
1 11 54 76 0 0

0.5 2 11 54 100 8 0
3 11 54 108 0 8

4 22 108 152 0 0

1 5 22 108 200 16 0
6 22 108 216 0 16

7 33 162 228 0 0

1.5 8 33 162 300 24 0
9 33 162 324 0 24

10 44 216 304 0 0

2 11 44 216 400 32 0
12 44 216 432 0 32

Source: The authors

For all simulations, 3x10° equilibration cycles and 1x10°
production cycles were conducted, with a random initial
configuration for ions in the interstitial solution and the
charges distributed in the surface of C-S-H.

In order to determine density profiles (dimensionless) of
ionic species, the number of particles contained in thin
layers, of thickness AZ, parallel to the C-S-H lamellae was
determined:

Ni(z) * o}

XYAZ )

pi(z) =
4. Results

The results of different simulations conducted in the
canonical ensemble (NVT) were divided in three groups as
follows: in absence of polyelectrolytes, with norspermidine
and with spermine. For each case, four different simulations
were conducted, at four different separation distances (0.5,
1, 1.5 y 2 nm). As some of the results show similar patterns,
only the most representative are shown.

From density profile of the system in absence of
polyelectrolytes (Fig. 3) it can be seen that the Ca2+ ions are
distributed along the surface of the two lamellae of C-S-H.
This favors the cohesion between the walls, given that the
OH- ions (Fig. 4) are mostly located in the middle and attract
the Ca2+ ions that are distributed evenly at the two walls.

20

Density px 10° [-]
- -
1) I

w

o U A
0,0 01 0,2 03 04 0,5
Distance Z (nm)
Figure 3. Density profile for Ca?* (black line) and Na* (gray line) without
polyelectrolytes for 0.5 nm C-S-H separation.
Source: The authors.
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Figure 4. Density profile for OH without polyelectrolytes for 0.5 nm C-S-
H separation.
Source: The authors.
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Figure 5. Density profile for Ca®* (black line) and Na* (gray line) without
polyelectrolyte for 2nm C-S-H separation.
Source: The authors.

2,0

It can be seen from Fig. 3 that the sodium ions (gray
line) are mostly located near the two surfaces of C-S-H, but
unlike the calcium ions, some of these ions are located near
the middle plane, aiding to stabilize the region with high
concentration of OH ions. Up until a separation distance of
I nm a strong attraction between C-S-H lamellae was
observed.

Unlike the separations of 0.5 and 1 nm, when the
separation between the walls is 1.5 and 2 nm, the calcium
and sodium ions are located near only one wall (Fig. 5) at a
distance of approximately 0.5 nm, and the OH- ions (Fig. 6)
are located in a layer at a further distance. This means that
all the species are adhered at just one surface, which is the
main reason why the cohesion in cement is lost.

The results obtained for the system at separation
distances of 1.5 and 2 nm are similar. For greater separation
distances, a rupture in the system is observed, generating the
adhesion of the species at only one lamella causing loss of
cohesion.

These results are associated with the macroscopic
property of cement causing great resistance to compression
stress but very little to traction stress.

The results obtained with the addition of cationic
polyelectrolytes show that attraction forces that guarantee
cohesion can be achieved between the lamellae of C-S-H at
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Figure 6. Density profile for OH" without polyelectrolytes for 2nm C-S-H

separation.
Source: The authors.
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Figure 7. Density profile for Ca®" (black line) and Na* (gray line) with
norspermidine for 1.5 nm C-S-H separation.
Source: The authors.
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Figure 8. Density profile for OH™ with norspermidine for 1.5 nm C-S-H
separation.
Source: The authors.

10 12 14

separations of 1.5 and 2 nm, which are not observed in the
absence of these polyelectrolytes in the electrolytic solution.
This behavior can be corroborated with the density
profiles of calcium, sodium and hydroxide ions (Fig. 7-10)
obtained for simulations at separations of 1.5 and 2 nm with
the presence of norspermidine and spermine, respectively.



Zuluaga-Hernandez & Hoyos / DYNA 81 (188), pp. 222-228. December, 2014.

Density px 10%[-]
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Figure 9. Density profile for Ca?* (black line) and Na* (gray line) with
spermine for 2 nm C-S-H separation.
Source: The authors.

25

= N
w o

-
o

Density g x 10%[-]

0,0 0,5 10
Distance Z [nm]
Figure 10. Density profile for OH™ with spermine for 2 nm C-S-H
separation.

Source: The authors.

Fig. 7 and Fig. 8 show that the addition of norspermidine
generates a distribution of hydroxide ions around the
positive charges. This in turn, by means of electrostatic
attraction, enables the calcium and sodium distribution in
the entire separation space between C-S-H lamellae.

The addition of norspermidine generates attraction
forces between the two negatively charged surfaces of C-S-
H, at separations of 1.5 and 2 nm. These results indicate that
the presence of norspermidine indirectly enables the
distribution of the calcium and sodium ions throughout the
separation space between the C-S-H lamellae, which allows
cohesion forces to exist at greater separation distances
between the surfaces. The same phenomenon is observed
with the addition of spermine (Fig. 9 and Fig. 10). This
polyelectrolyte has four different positive charges at
different bond distances between charged amine groups.

From the analysis of the previous results, it can be
established that the systems with the addition of cationic
polyelectrolytes (norspermidine and spermine) in presence
of sodium, calcium and hydroxide ions evidence attraction
forces strong enough to accomplish cohesion at separations
greater than 1 nm.

The attraction present in cement is possible due to
electrostatic interactions between the highly charged C-S-H
walls and the ions present in the interstitial solution. This
interaction was evaluated by the calculation of the net

15 2}
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-12
o 0,5 1 1.5 2
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Figure 11. Osmotic pressure between C-S-H surfaces. Without

polyelectrolyte (solid line), with norspermidine (dashed line) and spermine
(dotted line).
Source: The authors.

osmotic pressure (Fig. 11). For the system in absence of
electrolytes it is observed that for the separations of 1.5 and
2 nm there is no evidence of cohesive forces, given that the
ions distribute along a single surface of C-S-H. The
opposite is observed when cationic polyelectrolytes are
added to the system, where an attractive force between C-S-
H lamellae is evident at separations greater than 1nm.

From Fig. 11 it can be seen that the results with
spermine are better than for norspermidine (greater net
cohesion force and longer range effect). This behavior is
due to the additional charge on the spermine structure, and a
greater chain length, which allow the spermine to generate
attractive forces at a greater distance between negative
charges of the C-S-H lamellae. This is congruent with
studies previously conducted [5,13], which explain the
cohesion of the cement paste due to the strong Coulombic
interactions between the charged surfaces of C-S-H and the
confined ions between this surfaces, showing that the two
main factors that govern cohesion are the superficial charge
density of C-S-H lamellae and the valence of positively
charged ions present in the interstitial solution.

The attraction forces between the C-S-H lamellae can be
modified with the addition of quaternary amines, since these
generate a distribution of the sodium and calcium ion
throughout the entire separation space between C-S-H
lamellae. This causes a net osmotic pressure that guarantee
cohesion force at greater separation distances than in the
absence of amines.

5. Conclusions

Results obtained in this work allow concluding that the
primitive model here developed 1is an adequate
representation of the electrostatic interactions between the
C-S-H lamellae and the electrolytic solution. This

227



Zuluaga-Hernandez & Hoyos / DYNA 81 (188), pp. 222-228. December, 2014.

corroborates that the electrostatic interactions are
responsible for the cohesion of hardened cement, and are
crucial to widen the understanding of the phenomenon that
take place at a nanometric scale. In this manner, it is
possible to design strategies to modify and improve the
macroscopic mechanic properties of cement.

In the absence of polyelectrolytes, cohesion is lost at
separation distances greater than 1 nm. Adding
polyelectrolytes, such as quaternary amines, causes the
hydroxide ions to distribute around the positive amine
charges, and these hydroxide ions, by means of electrostatic
interactions, also enable the distribution of calcium and
sodium ions throughout the entire space of separation
between the C-S-H lamellae. This allows the cohesion
forces to exist at greater separation distances between
surfaces.

The results here obtained show that the spermine
produces a greater net cohesion force, and an effect of
longer range than norspermidine.

With the obtained results it is expected that systems with
a higher charge density and polyelectrolytes with a higher
number of positive charges would produce greater ranges of
separation between the C-S-H lamellae.
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