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A fundamental theory in colloid science is the DLV O theory (named
after the four contributors: Derjaguin, Landau, Verwey, and Over-
beek). This theory and relevant basic concepts are reviewed and
applied to cement systems to determine the state of flocculation for
cement pastes. Both theoretical and experimental evidence suggest
that normal, neat cement suspensions are either flocculated or co-
agulated. Because of the high ionic strength in the aqueous phase,
the degree of flocculation or coagulation is not sensitive to the varia-
tion of the zeta potential, for zeta potentials between —20 mV and
20mV. © 1997 Elsevier Science Ltd. ADVANCED CEMENT BASED
MATERIALS 1997, 5, 1-7
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he microstructure of a cement suspension in-

fluences its flow and sedimentation behaviors

at early ages. Some microstructural aspects,
such as the state of flocculation and particle packing
(spatial distribution of particles), are not well known,
although it is commonly stated that cement paste is a
flocculated system. According to the DLVO theory, the
state of flocculation of a colloid suspension is a function
of interparticle potential, consisting of repulsive and
attractive parts. Varying the interparticle potential al-
lows one to control the degree of flocculation. One rea-
son why DLVO theory has not been extensively applied
to cement might be the complications due to hydration
products on the particle surface of the cement grains,
which has the effect of confusing the analysis of surface
charge. Powers pioneered research into this area, study-
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ing the interparticle forces and their effects on the floc-
culation of cement systems [1]. He observed that the
specific volume of the cement sediment varies when the
interparticle forces change. The quantitative correlation
was not reported.

In this paper, basic DLVO theory is applied to cement
systems to determine the state of flocculation of cement
suspensions. Data on sedimentation, zeta potential, and
ionic concentration are reported to support the theoret-
ical predictions of DLVO theory.

Background

A colloid suspension is typically defined as a suspen-
sion of particles smaller than 10 wm [2,3]. Three basic
types of forces determine the rheological behavior and
resulting microstructure of colloid suspensions: Brow-
nian forces; colloid forces, such as electrical static forces
and van der Waals forces; and hydrodynamic forces
occurring during settling or mixing [4].

DLVO Theory

Most colloid suspensions consist of particles with
charged surfaces (see refs. 3, 5, and 6, for example). The
electric double-layer model [3,5] describes the structure
of the electrostatic field surrounding a charged particle
in an electrolyte, as shown in Figure 1. Due to the net
charge at the surface of a particle, a compact layer of
counterions is attracted to the interface. This thin layer
of fluid adjacent to the surface is called the inner layer or
Stern layer. The exact structure of this layer is not un-
derstood, although it is known to be immobile.
Outside the Stern layer, in the bulk solution, a region
called the diffuse layer exists. The boundary between the
inner and diffuse layers is known as the shear plane. The
diffuse layer carries a significant charge due to high
concentrations of ions repelled from the inner layer.
These repelled ions have the same sign charge as the
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FIGURE 1. Electric double-layer model.

surface of the particle, producing an electrical potential,
y,;, beginning at the shear plane and decaying with dis-
tance. In the bulk solution, positive and negative ions
are balanced, the electrical potential vanishes, and ions
move freely. Therefore, it is the structure of this diffuse
layer that is most important in determining the interac-
tion between two charged particles. The diffuse layer
can be described using two parameters: the electrical
potential, ¥, and the thickness, I/, where k is the De-
bye-Huckel parameter.

The electrical potential at the shear plane is also
called the zeta potential, {, and is the only value of
potential that can be determined experimentally [5].
This is done by applying an electrical field to a suspen-
sion such that charged particles with their attached
Stern layers move toward the electrode of opposing
sign. Using this observation, the zeta potential can be
calculated from the measured particle mobility. The
electrical potential, |, decays with distance from the
shear plane as:

Y =, expl-k(r — a)] ¢}

where 7 is the radial distance outward from the center
of the particle and a is the particle radius.

The thickness of the electrical double layer is a func-
tion only of bulk electrolyte concentration and tempera-
ture and can be determined by:

L @
K=e €q€, kT

where ¢ is the charge of an electron, N is Avogadro’s
number, ¢, is the relative dielectric constant of the lig-
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uid medium, g, is the dielectric permitivity of free
space, and k is Boltzmann’s constant. The ionic strength
of the bulk solution, I, is defined as:

s ®

where C; is the ionic concentration of ion i in moles per
liter, z; is the valency of ion i, and the summation is over
all ion species. In water at 25°C, ¢, = 80 [7,], thus:

k(nm ') =3.288V/1.. )

The diffuse double-layer thickness in colloidal dis-
persions is typically about 1-100 nm. In highly ionic
electrolytes, the diffuse double-layer is greatly com-
pressed. For example, the ionic strength of cement paste
is high, typically 0.1 M (moles per liter), so the diffuse
double-layer is approximately 1-nm thick [8].

REPULSIVE POTENTIAL, A repulsive potential, Uy, arises
from the electrostatic force between two charged par-
ticles of the same sign. As the two particles approach
each other, their double layers interact and create a re-
pulsive potential. If ka > 1, the repulsive potential of
the double-layer model, LIz, can be expressed as:

Uy = 2mege,al® In{l + expl-«k(r — 2a)} (5)

where (r — 2a) is the separation of surfaces between
particles.

ATTRACTIVE POTENTIAL. An attractive potential, U 4, arising
from the London-van der Waals force, can be written as
follows [5]:

Ayl 44®

u @ om(1-% ] ©)
= e+ -—
AT 2242 2 " r*

where A, is the Hamaker constant, which is sensitive to
the type of material and liquid medium. Table 1 lists the
Hamaker constants of materials that are similar in com-
position to the cement system.

DLVO theory takes into account the total interparticle
potential by summing attractive and repulsive potential
as shown in eq 7:

utot - uR + UA. (7)

TABLE 1. Hamaker constants of some materials in water [2]

Material AY x 10%° ()
Crystalline quartz 1.7
Fused silica 0.85
Calcite 2.23
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The attractive potential is taken to be negative and, as
shown in equation 6, it falls off as 1/ 2. This attractive
potential is exerted over a much greater distance than
the repulsive potential. The repulsive potential falls ac-
cording to exp[-k(r — 2a)] over short separations be-
tween particle surfaces (see eq 5). Thus, the thickness of
the diffuse layer, 1/, represents the distance between
surfaces within which the repulsive potential is signifi-
cant.

State of Flocculation

As shown previously, the attractive potential is simply
a function of r (center-to-center separation of particles),
while the repulsive potential varies with distance from
particle surface because it depends on the ionic strength
and the zeta potential. Holding the zeta potential and
particle size constant, while varying the ionic strength,
produces the three basic types of total potential curves
depicted in Figure 2. Three parameters can be defined
from these curves: the primary minimum, ,,,,,, the sec-
ondary minimum, Y., and the primary maximum,
Y These three parameters are important for deter-
mining the stability of the suspension. The probability
of particles existing outside the primary minimum is a
measure of the stability of the dispersion. The primary
maximum, {,,,., prevents particles from falling into the
primary minimum, thus improving the stability of the
dispersion.
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FIGURE 2. Illustration of interparticle potentials: curve A,
stable dispersion; curve B, flocculated suspension; and curve
C, coagulated suspension.
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CURVE A: STABLE DISPERSION. At low ionic strength and
high surface potential, the repulsive potential exceeds
the attractive potential at all interparticle separations. In
this case, particles repel each other and the suspension
exists in a stable state. The larger the primary maxi-
mum, the more stable the dispersion.

CURVE B: FLOCCULATED SUSPENSION. At moderate ionic con-
centrations, both the primary maximum, ,,,,, and the
secondary minimum, {s,,., are non-zero. The secondary
minimum is located at a center-to-center particle sepa-
ration 7,,, which is the equilibrium separation. When
two particles are located at a secondary minimum, they
are in an equilibrium position relative to each other and
are then flocculated. Many particles flocculated to-
gether constitute a floc. If —{,,./kT > 20, then the system
is strongly flocculated. If —s,./kT << 20, then the sys-
tem is weakly flocculated. When —,,./kT = 1, the en-
ergy well is broad, and the state of flocculation is easily
reversible.

CURVE C: COAGULATED SUSPENSION. As the ionic concentra-
tion increases to a critical value, called the critical con-
centration [5], ¥, vanishes, and particles are rapidly
and irreversibly flocculated at the primary minimum.
As long as the concentration of the electrolyte is greater
than the critical concentration, the interparticle poten-
tial, and thus the state of flocculation, does not depend
on ionic concentration.

This critical concentration can be estimated by taking
the total potential previously shown in eq 7, and its first
derivative with respect to 7, equal to zero. Using the
double-layer model, the critical concentration, ., of a
single ionic species in water at room temperature for
the condition of ezls,/4kT < 1 is [5]:

4
n.=3.648 x 107 % ®)
z Ay

where z is the valence of the ionic species and Ay, {, .
are expressed in joules, volts, and M, respectively.

Application of the DLVO Theory to
Cement Systems

The following two sections describe the application of
the DLVO theory to cement systems and an experimen-
tal confirmation of its applicability. In the first section,
the theoretical critical concentration for cement suspen-
sions is calculated, and the real ionic strength is deter-
mined to predict the state of flocculation of normal ce-
ment suspensions. In the second section, an experimen-
tal method is described that uses sedimentation
behavior to confirm the theoretical prediction.
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Critical Concentration

The critical concentration for coagulation is propor-
tional to the fourth power of the surface potential and is
inversely proportional to the square of the ion valency,
as shown in eq 8. Assuming z = 1 and using the Ha-
maker constant of calcite (A;; = 2.23 x 1072° J [3]), the
critical concentrations in equivalent cement suspen-
sions were calculated for several selected zeta poten-
tials; and these concentrations are shown in Table 2.
Table 2 clearly illustrates that the critical concentration
is less than 0.012 M when the zeta potential is less than
20 mV.

The ionic concentrations of ordinary portland cement
(OPC) at water:cement (w:c) ratios of 10, 2, 0.45, and
0.35 are listed in Table 3. The ionic strengths of these
cement suspensions were calculated using the defini-
tion in eq 3 as:

1
IC = 5 (CNa* + CK“' + 4CCL7+2 + COH + 4CSO;2) (9)

where the concentration of OH™ was computed using
the charge balance relation:

CNa* + CK+ + zcca2+ = COH* + ZCSo:Z. (10)

The relative dielectric constant, &,, is 80 for aqueous
cement solutions [9]. The calculation in Table 3 shows
that the ionic strength calculated from inductively
coupled spectroscopy (ICP) data is at least 95 mM.
Thus, the ionic strength of a normal cement paste is
about one order of magnitude larger than the theoreti-
cal critical concentrations (<0.012 M), as determined un-
der the condition of a zeta potential less than 20 mV.
The absolute value of the zeta potential of a normal
OPC is typically less than 20 mV, although it changes
with hydration time [10]. This observation is also con-
firmed by our own measurements, as shown in Table 4,
for the relevant range of samples explored in this study.
Thus, normal cement paste has an ionic strength that is
above the critical concentration for coagulation and, ac-
cording to the DLVO theory, should be coagulated with
an interparticle potential as depicted by curve C in Fig-
ure 2.

TABLE 2. Theoretical critical concentration, n, (mM) with Ay
=223 x 107° ] and z =1 for ordinary portland cement

{(mV) Calculated n, (mM)
30 594
20 11.7
15 3.71
10 0.0734
5 0.0046
2 0.0012
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Sedimentation

To study the bleeding process of cement systems, Rado-
cea [11] developed a new method of analysis based on
measuring changes in water pressure during sedimen-
tation. This method can be used to quantitatively ana-
lyze sedimentation rate. Using the centrifuge sediment
height technique, Miller et al. [12] measured the com-
pressive yield stresses of cement pastes to determine
the extent of consolidation in cement systems.

This paper focuses on the correlation between inter-
particle potential and sediment structure. Sedimenta-
tion tests were used qualitatively to observe the struc-
ture of cement suspensions, because flocculated sus-
pensions and stable dispersions show quite different
settling behavior, as described below. Sedimentation is
defined as the height ratio of the total liquid to the total
suspension, (H — h)/H, as shown in Figure 3.

Stable dispersions exhibit free sedimentation behav-
ior. Following Stoke’s law, particles settle freely (indi-
vidually) at an equilibrium speed proportional to the
square of the radii of the particles. As a result, certain
characteristics dominate the sediment. Larger particles
settle faster, while smaller particles remain suspended
longer, and three distinct layers result, as illustrated in
Figure 3a. On top is a cloudy liquid, in the middle is a
free settling region, and on the bottom is large particle
sediment. The volume packing density of the sediment,
..., 1 the ratio of the volume of solids to the volume of
sediment; for sediment in a stable dispersion, ¢,,., is
close to the random close-packed value.

Particles in flocculated or coagulated suspensions
consist of settling flocs rather than individual particles.
If the flocs are large, the suspension settles rapidly. The
sediment of a flocculated suspension has a smaller ¢,
than that of a stable dispersion, due to water trapped
inside the flocs, that is, the sediment volume of a floc-
culated suspension is larger than it is in a dispersed
suspension. Figure 3b shows this sediment; the liquid is
clear and free of particles. When the volume fraction of
solids exceeds a critical percolation threshold, &,, a con-
tinuous gel structure network is formed before the sus-
pension settles.

A sedimentation test can effectively determine if a
suspension is dispersed or flocculated. The sediment
from a stable dispersion has a size gradient along the
vertical direction, that is, larger particles are on the bot-
tom, whereas the sediment of a flocculated or coagu-
lated suspension does not have a size gradient along the
vertical direction.

It is difficult to tell whether a suspension is floccu-
lated or coagulated from its sedimentation behavior. A
quantitative analysis of both the volume-packing den-
sity of the sediment, ¢,,,, and sedimentation, (H - h)/H,
as functions of time may differentiate a coagulated sus-
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TABLE 3. lonic concentrations determined using ICP, and calculations of ionic strengths for type 1 OPC in de-ionized (DI) water

C; (mM) C; (mM) C; (mM) C; (mM)
Ion wic =10 wic=2 w:c = 0.45 w:c = 0.35
K* 7.13 15.3 119.60 123.94
ICP Na"2 144 3.2 27.12 28.14
data Ca™* 22.00 26.0 22.28 18.31
50, 17.17 19.5 50.34 58.72
S1+4 0.29 0.09 0.40 0.05
Mg+2 0.01 0.00 0.02 0.04
Al 0.09 0.10 0.09 0.07
OH- 19.50 32.35 93.30 70.79
pH 12.29 12.51 12.97 12.85
Calculations I.(mM) 95.12 117.60 268.90 266.30
1/k(nm) 1.014 0.887 0.587 0.589

pension (curve C in Figure 2) from a flocculated sus-
pension (curve B in Figure 2) because, for a flocculated
suspension, the interparticle potential and degrees of
flocculation vary with ionic concentration and zeta po-
tential, whereas for a coagulated suspension they do
not. If changing the zeta potential or varying the ionic
strength of a non-dispersed suspension does not alter
both &,,, and sedimentation as a function of time, then
it is a coagulated suspension. The volume packing den-
sity of sediment, ¢,,,, can be calculated as:

d)ms = d)original hi (1 1)

finat

where &,,igina i the solid volume fraction of the sus-
pension at the beginning of the test and both H and 4
are defined in Figure 3.

Experimental Procedure

Two sets of sedimentation tests were carried out. Set A
was used to determine whether or not cement suspen-
sions are dispersed, while set B was used to investigate
sedimentation behavior when the zeta potential is var-
ied.

Type I portland cement was used in all of the experi-

TABLE 4. Zeta potentials for cement pastes with varying
alcohol-water content

Volume Percent

Alcohol wic Zeta Potential (mV)
0 166.7 -5.0

10 150.0 -3.0

20 133.4 -1.9

65.8 57.0 -1.7

80 33.3 -0.2

90.4 16.0 8.6

95 8.3 11.4

98.5 2.5 185

99.99 0.1 20.5

Note: w:c = water to cement ratio.

ments. Cement suspensions (52 ml each) were mixed in
a blender for 1 minute and poured into plastic gradu-
ated cylinders (27-mm diameter). The sedimentation,
(H - h)/H, was recorded over time until no change was
observed for over 30 minutes.

For set A, two samples (Al and A2) were made at the
same solid volume fraction of 0.241. Sample Al was

Sedimentation = (H-h)/H

(@)
Foggy Liquid
H
h
(b) Clear Liquid
— - \
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FIGURE 3. Illustrations of sedimentation behaviors of (a)
stable dispersion and (b) flocculated suspension.
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cement in isopropyl alcohol (99.99%) and sample A2
was cement in de-ionized (DI) water at w:c = 1. The
particle-size distributions were analyzed using samples
from the top and bottom of each sediment.

For set B, one cement in DI water with w:c = 1 was
mixed and then divided into three portions for tests at
15 minutes, 1.5 hours, and 3 hours. These three samples
were stored in plastic containers and rotated at 60 rpm
until testing. Before each test, samples were mixed in a
blender for 10 seconds. Sedimentation, zeta potential,
and ICP were measured for each sample.

Zeta potential measurements were conducted using a
Coulter Delsa 440. This instrument operates on the prin-
ciple of electrophoretic light scattering. A reconstruc-
tion method was used to prepare cement samples for
measurement, in which a small amount of unfiltered
cement was dispersed into aqueous solution. This aque-
ous solution of cement paste was extracted using a 0.1-
pm filter. The ionic concentration of aqueous solutions
was determined with ICP in a Perkin-Elmer Plasma 40
Emission Spectrometer.

Results and Discussion
Set A

Completely different sedimentation behaviors and par-
ticle-size distributions (PSD) were observed for cement-
alcohol and cement-DI water suspensions, as illustrated
in Figures 4 and 5.

1 0 (o T T T T T T T - T .
08 L ——— Cement/Alcohol] |
I —C:F—u Cement/DI
z
206 _
5 -
k] L b
i}
g 04 B
ET
©
w 3 -
»
0.2 | =t = _|
0.0 L L - 1 | L | 1 ] L | ! | N
0 20 40 60 80 100 120 140 160

Time (min.)

FIGURE 4. Sedimentation behaviors of cement in DI water
and alcohol suspensions.
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FIGURE 5. Particle-size distribution of cement sediments of
(a) cement-alcohol dispersion and (b) cement-DI water sus-
pension.

SAMPLE AT (CEMENT-ALCOHOL, ¢ = 0.241). After a sample
of cement in alcohol was carefully poured into the cyl-
inder, a dark gray region developed starting from the
bottom of the cylinder. A transition plane separating
dark and light gray regions was easily recognized and
was recorded as the sedimentation height. The top fluid
was slightly foggy even after 8 hours as a result of
Brownian motion. The differential colors may result
from variation of sediment particle size.

The gradient in particle size along the vertical axis
was evident in the PSD results (Figure 5a). The sedi-
ment was dense and hard and was difficult to remove
from the cylinder without force. This indicated a more
closely-packed structure resulting from the sedimenta-
tion of a stable dispersion. The packing density of this
sediment was calculated to be 0.51 using eq 11.

SAMPLE A2 (CEMENT-DI-WATER, wiC = 1, & = 0.241). With
the specimens of cement in water, no color differential
was observed. These suspensions generally separated
slowly from the top liquid until a plateau was reached.
The liquid at the top was clear and free of small par-
ticles. A comparison of the PSD in the top and bottom
regions of sediment is shown in Figure 5b; only a small
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variation can be seen. The mean particle size was 17.75
pm in the bottom region of the sediment, and 16.6 um
in the top region. The sediment was voluminous and
soft and could be easily poured from a test tube. The
final volume-packing density of sediment for these
three samples was 0.32. Comparison of these disparate
sedimentation behaviors clearly demonstrates that the
suspension of cement in water is not dispersed but
rather flocculated or coagulated.

Set B

Ionic strength and zeta potential changed significantly
with hydration time, as compiled in Table 5. Although
the zeta potential varied in the range from -5 to -16
mV, the sedimentation of cement pastes at 15 minutes,
1.5 hours, and 3 hours showed almost identical sedi-
mentation behavior as a function of time, represented
by the lower curve in Figure 4. These observations sug-
gest that cement suspensions are always coagulated
and that the degree of flocculation does not vary with
zeta potential and ionic strength. In other words, the
ionic strength is always above a critical value for floc-
culation.

Conclusion

DLVO theory has been applied to determine the state of
flocculation in cement suspensions. Both the theoretical

TABLE 5. Ionic strength and zeta potential for ordinary port-
land cement paste at various hydration times for wic =1

Hydration Ionic strength Zeta Potential
Time (min) (mM) (mV)

15 188 -5

75 147 -16
180 147 -9
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prediction and sedimentation experimental evidence
suggest that neat normal cement suspensions are co-
agulated. Because the ionic strength of a normal neat
cement suspension is higher than the critical concentra-
tion, the degree of flocculation is not sensitive to varia-
tions in the zeta potential, at least for zeta potentials less
than 20 mV.

Acknowledgment

We gratefully acknowledge the support from the U.S. Department of
Energy, grant #DE-FGOZ-91ER45460.

References

1. Powers, T.C. The Properties of Fresh Concrete; Wiley: New
York, 1968.

2. Buscall, R.; White, L.R. ]. Chem. Soc. Faraday Trans. 1 1987,
83, 873-891.

3. Russell, W.B.; Saville, D.A.; Schowalter, W.R. Colloidal Dis-
persions; Cambridge University Press: Cambridge, UK,
1989.

4. van Den, T.G.M. Colloidal Hydrodynamics; T.]. Press (Pad-
stow) Ltd.: Padstown, Cornwall, 1989.

5. Hunter, R.J. Foundations of Colloid Science, Vol. I; Oxford
University Press: New York, 1987.

6. Myer, D. Surfaces, Interfaces, and Colloids: Principles and Ap-
plications; VCH Publisher’s Inc.: New York, 1991.

7. CRC Handbook of Chemistry and Physics; R.C. Weast, Ed.;
Chemical Rubber Company: Cleveland, OH, 1970.

8. Tattersall, G.H.; Banfill, P.F.G. The Rheology of Fresh Con-
crete; Pitman Adv. Pub. Program: London, 1983.

9. Christensen, B.]. Ph.D. Thesis; Northwestern University:
Evanston, IL, 1993.

10. Nagele, EW. Chem. Eng. Sci. 1989, 44(8), 1637-1645.

11. Radocea, A. Cem. Concr. Res. 1992, 22, 855-868.

12. Miller, K.; Shi, W.; Struble, L.; Zucoski, C.F. Mater. Res.
Soc. Symp. Proc. 1995, 370, 285-291.



