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The aim of the presented work was to study the dependence of the SiO, sol zeta potential on the contents of calcium chloride.
The sol contained 2.27 wt. % of SiO, and the content of anhydrous CaCl, varied between 0.126 and 13.0 wt.%. The experiments
demonstrated an influence of calcium and chloride ions on the electrokinetic potential. Formation of gels based on calcium-
-silicate hydrates can be expected with an increasing content of calcium ions in the soluiion. On the other hand, increasing
content of chloride ions brings about a lowering of the pH of the solution, thus slowing down the transport of the silicate
components into the solution. These chloride effects are more apparent at higher CaCl, concentrations. The described
phenomenon explains the behaviour of calcium chloride as an additive accelerating the hydration of the silicate components of

clinker minerals.

INTRODUCTION

Measurement of the zeta potential of high-dispersion
silicate systems in the presence of additives provides a
better insight into the origin of electrical double layer on
the particles of silicon oxide sol, facilitates a theoretical
evaluation of the process of gel system formation, and
contributes to understanding of the effects of additives on
the kinetics of hydration of the silicate phases of Portland
cement [1]. Provided that the starting point is a pure sol
with particle size in range from 7 to 25 nm, a layer
characterized by an electric charge is formed as a
consequence of a reaction of the surface of the present
Si0, aggregates with the dispersed medium [2]. The size
and polarity of the charge determines the chances of
mutual particie interactions. If the charges have identical
sign, which occurs in systems with a single solid high-
-dispersion phase, an electrostatic barrier retarding the
formation of larger aggregates will exist and such
conditions can be expected to lead to temporarily stable
high-dispersion solidus-liquidus systems. In course of
time, the metastable equilibrium becomes disturbed by
processes occurring within the dispersed medium and
liquid aqueous solution whose composition will vary as
a result of reactions proceeding in the solution [3]. The
change of the composition of the solution leads to
variations in surface charges, which can be associated for
example with particle approximation, which in turn
facilitates a polymerization of the silicate systems and the
formation of larger SiO, aggregates. Characterization of
the influence of a particular additive based on calcium
chloride on the development of the electrokinetic
potential is essential for understanding the mechanisms of
the accelerating effect of CaCl, in the hydration of
calcium-silicate clinker phases [3, 4] and/or defining the
conditions of optimal hydrate synthesis.

EXPERIMENTAL PART

The dependence of zeta potential on the amount of
added CaCl, was evaluated on the basis of results
obtained by using Zeta Potential Analyzer type 1202
made by Micromeritics. The principle of the
measurements in the mentioned type of zetameter lies in
evaluating differences in the suspension mass resulting
from the transport of high-dispersion particles in an
electrical field. The calculation is then based on
differences in the mass of the sample cell with the
studied suspension recorded before and after the
experiment. Zeta potential is calculated according to
Helmh_oltz - Smoluchowski equation [5]:
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where [ is viscosity and D dielectric constant of water.
The velocity of particles [6] moving in the electric field
is represented by the value of electrophoretic mobility v,
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where Aw is mass difference, k the conductivity cell
constant, I is the applied current, p, the density of the
dispersed phase, and p, is the density of the liquid phase.
For the parameter ¢ representing the volume ratio of the
components it holds that

p= —tulPl 3)
[wdp /pp] + {w,/p]

where w,, is the mass concentration of the dispersed
phase, w, the mass concentration of the liquid phase, p,
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the density of the dispersed phase. and p, the density of
the liquid phase.

The experiments were based on the commercially
supplied sol of silicic acid Tosil (produced by Tonaso
Nestemice a.s.). Analysis of the composition of the
aqueous sol by the ICP technique using instrument
Thermo Jarrel Ash, type Iris AP showed the Si0,
concentration to be 22.75 wt.%, and among the other
components the content of Na,0 was 0.35 wt.%. The
density of the sol used was 1.21 g cm™ and the pH value
at 25 °C was 9.51. The measurements were performed
in 10 % solution of sol with addition of calcium chloride.
Suspensions contained between 0.126 - 13.0 wt.% of
CaCl, and the molar ratio of CaCl, to SiO, varied within
a range 0.009 - 3.09.

RESULTS AND DISCUSSION

Unlike other studies dealing with zeta potential, our
experiments were fucused on unstable systems and their
objective was to evaluate the development of zeta po-
tential of a dynamic system prior to gelation or during its
course. The employed technique evaluates zeta potential
from time integral values. The dispersion variance of the
obtained values indicates the variability of the system,
where the particle size distribution and the velocities of
the processes taking place change in the given time
interval. As seen in the diagram of zeta potential
dependence on the molar ratio in figure 1, the value of
zeta potential for the low value range of the ratio

r = x(CaCl,) / x(Si0,) 4)

is clearly negative, which is evidence for the active
centres formed by unsaturated oxygen bonds in the
surface layer of the Si, O, aggregates of the sols. At a
low molar ratio of the components the results of the
measurements are characterized by a high dispersion
variance. With increasing the CaCl, contents we can
expect charge compensation as well as blocking the
surface as a result of interactions with calcium ions.
These phenomena are documented by increasing zeta
potential values. The value characterizing the isoelectric
point, i.e. { = 0, is exceeded within a range of the r ratio
values r, of 0.713 - 0.915. Under these conditions the
dispersion variance is apparently reduced indicating the
achievement of a stable state. Visual observations of the
reacting system prove the close vicinity of the isoelectric
point to be the value where gelation occurs. Apparent
discontinuity seen in the diagram of figure 1
characterizes these conditions. A removal of the energetic
barrier in the form of a negatively charged layer can be
expected at { = 0, so that fast particle interactions can
occur. Our idea is that a change in the surface charge
contributes significantly to the gelation of the system.
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Figure 1. The dependence of zeta potential on molar ratio
CaCl, / Si0,.

The hypothesis of electric field affecting gel stability
and gelation velocity is proved by the so-called reversible
gelation in the electric field. At low values of the molar
ratio r a formation of larger aggregates was observed,
which are stable in a rotating vessel only when voltage
is applied. Reversible gelation thus takes place as a
consequence of an electric potential gradient dU / dx on
the individual particles when surface charge can be
temporarily polarized at distance dx. At the same time, a
linear chaining of aggregates is likely to occur, because
only the ends of the aggregates are temporarily available
for approximation and interaction. From an energetic
point of view, this interaction can bc even more
favourable near zero charged particles at { = 0.
Discontinuation of the current results again in disjoining
the aggregates and clearing the solution.

Increasing contents of calcium ions in the
solution bring about an increase in the zeta potential,
which can be explained by a build-up of the calcium
chloride concentration in the solution. An increase in Ca**
content takes place on the surface or in the vicinity of the
surface of colloidal particles, and the equilibrium is
shifted in favour of increasing chloride ion contents
in the solution. Compilation of the obtained results
enabled the formulation of a linear expression for the
dependence of zeta potential on the molar ratio r

{=1569r+21.13 , ©)

whereby it follows that increasing calcium chloride
contents in the range of the molar ratio r from 0.915
towards higher values leads to an increase in the positive
charge near the gel particles. From a practical point of
view, it is important that an increase in the concentration
of calctum chloride in the solution will increase calcium
ton capacity ini the surface layer, which is significant
during antiparallel transport of Ca** and water in the gel
packing of the hydrating calcium-silicate. The mechanism
of calcium chloride effect on the acceleration of the
hydration process can thus be explained.
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It is also interesting to follow the course of pH

dependence on increasing calcium chloride concentration-

in the diagram of figure 2. It shows gelation to divide the
course into two areas within the coordinate system of
pH = f(log r) differing in their slope characteristics. At
a lower molar ratio r the dependence can be described by
the relation

pH =-0.17 x 230 x In(r) + 7.86 , (6)
while at a higher ratio has the form:
pH =-038x230x1In(r)+798 .

The discontinuity is caused by a change in the
consistency of the mixture as an effect of gelation, and
especially by decreasing the contents of the available
liquid phase. The relationship between volume and
concentration can be derived from the volume and mass
balance. The mass balance of CaCl, can be expressed by
summing

m+Am=m , @)

where m, is the amount in the original volume, Am an
increase in the amount, and m being the final amount of
CaCl, in the solution. When considering volumes and
concentrations, the relation (7) can be rewritten as

V,c+ AVe, = Ve, , (8)

where V| is the volume of the original solution, ¢ its
concentration, AV the volume of the additive, ¢, its
concentration, V the final volume, and ¢, the final con-
centration. Volume balance is

V,+ AV =V
and after substituting for V we obtain:
Vic + AVe, = (V| + AV) ¢, )

Vi (c-¢c; ) = AV(cyc)) . (10)
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Figure 2. The dependence of pH value on molar ratio
Ca(Cl, / SiO,.

For an infinitesimal increase of dV the expression can be
written in the following differential form:

Vidc = dV (¢,-c)) (11
or
dV/ V, =dc/ {(¢,c)) 12)
or
dV =V, d In(c;c)) . (13)

For a constant increase, in the case of two solutions
characterized by indexes | and 2, we can write the
equality
V,d In(cy-¢)) = V,d In(cy-cy) (14)
and compare changes in the composition or the
logarithms of the differences (c, - ¢;) as follows:
d In(cy¢)) / d In(cyc) =V, 1V, (15)

It follows from the expression (15) that for an
identical addition dV the change in concentration is
inversely proportional to the actual total volume of the
solution. In our case, the slope change brought about by
gelation enables us to evaluate the reduction of the actual
available volume of liquid phase for "CaCl, titration”. If
the ratio of the slopes is 0.38 : 0.17, it means that the
volume of the available liquid phase was reduced in the
ratio of 1/2.23, that is 0.45. The unavailable volume is
55.1 %. It is not only the question of water bound in the
originating hydrosilicate, but also that of the solution in
closed or poorely available capillaries, and a
condensation of the Si0, - CaO - H,O system will also
contribute to the decrease in the available volume.

In addition, the decrease of the liquid phase volume
is obtained when monitoring the sampie density. Figure 3
shows that the decrease in basicity (below pH = 8) brings
about increase in the sample density. The discontinuity in
the course of the curve corresponds to the moment where
gelation of the system occurs. Density measurements thus
provide data for a description of the coexistence of solid
and liquid phases. The dependence of sample density on
molar ratio r (figure 4) illustrates formation of more
dense structure of the gel.

It is also interesting to follow the course of the
dependence of sample electric conductivity on the molar
ratio r (figure 5), where an increase in electric
conductivity is associated with an increasing
concentration of the electrolyte in aqueous solution, as
expected. It is apparent from the course of the curve that
until a molar ratio of around ! (that is near the isoelectric
point) or r is reached, there exists a plateau repre-

crit

senting stagnation in the growth. After overcoming this
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Figure 3. The dependence of sample density on pH values.
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Figure 4. The dependence of sample density on molar ratio
Ca(l, / SiO,.
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Figure 5. The dependence of sample conductivity on molar ratio
Cadl, / SiO,.

'

boundary, there is a faster increase in conductivity. This
phenomenon can be explained by an increased resistance
accompanying gelation as a consequence of necks
formation among the gel particles. The polymerization
reaction, or the formation of a larger aggregate is then
accompanied by a more intensive connection of the

individual particles, which results in better contacts and
improved conductivity. Increasing amounts of the
electrolyte brings larger amounts of ions to the surface,
thus facilitating the transport of charge.

CONCLUSION

The dependence of zeta potential of the sol of SiO,
on the content of calcium chloride was studied. The sol
contained 2.27 wt.% of SiO, and the contents of CaCl,
varied within the range of 0.126 - 13.0 wt.%. The
maximum of gelation rate can be expected in the
isoelectric point within the molar ratio range of 0.71 -
0.95 at 0.38 mol 1" SiO,, which corresponds to the
contents of 3.0 - 4.0 wt.% of CaCl, and pH = 8.0. In
lower molar rates r, an adsorption of Na* cations, which
are present in the sol, takes place. However, these ions
are present only in small amounts, so that their depletion
and binding to the surface will be followed by an
absorption of Ca™ ions and their reaction with the
hydrated surface of SiO, along with a fast formation of
calcium hydrosilicates. Next, after a certain time period,
the reaction rate will be held up until we come nearer to
the isoelectric point where the reactions will be restored
to a condition where the surface is active, steric barriers
are absent, and water seeps to the surface. At a certain
stage another layer compensating for the charge will be
rormed, namely of the CI” anions, which will impart a
negative charge to the surface.

Acknowledgement

This study was supported by the Grant Agency of the Czech
Republic, Project No. 203/94/1568.

References

1. Nigele E., Schneider U.: Cement and Concrete Research
19, 978 (1989).

2. ller R.K.: The Chemistry of Silica, Solubility, Polymeration,
Colloid and Surface Properties and Biochemistry, A Wiley
- Interscience Publication, John Wiley and Sons, New York
Chichester, Brisbane, Toronto, Singapore 1979.

3. Taylor HF.: Cement Chemistry, Academic Press, London,
San Diego, New York, Boston, Sydney, Tokyo, Toronto
1992.

4.  Sauman Z.: Mortars, Technical University in Bmo, Brno
1983. (in Czech)

S.  Vojuckij S.S.: Colloid Chemistry, SNTL, Prague 1984. (in
Czech)

6. Hunter R. J.: Colloid Science, A Series of Monographs,
Zeta potential in Colloid Science, Principles and Applica-
tions, Elsevier, London, New York 1981.

Submitted in English by the authors.

Ceramics — Silikédty 43 (1) 18-22 (1999)

21



N. Jichovd, J. Havlica

MEREN{ ELEKTROKINETICKEHO POTENCIALU
V SOUSTAVE Si0, - CaCl, - H,0
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Zivislost zeta potencidlu na mnoZstvi pfidaného CaCl, byla
vyhodnocovéna na zdkladé vysledki ziskanych pfistrojem Zeta
Potential Analyzer typ 1202 firmy Micromeritics.

Na rozdil od jinych praci zabyvajicich se studiem zeta
potencidld byly experimenty zaméfeny na neustilené systémy a
Jejich cflem bylo hodnoceni vivoje zeta potencidlu dynamického
systému pfed gelaci nebo v prib&hu gelace. PouZitd technika
vyhodnocuje zeta potencidl z Casového integrdlu a rozptyl
naméfenych hodnot je mirou variability systému, ve kterém se v
daném Casovém intervalu méni rozdgleni velikosti &istic a
rychlost probihajicich procesd. Jak ilustruje diagram zévislosti
zeta potencidlu na moldrnim poméru na obr. 1., Ize jednoznaéné

konstatovat, Ze hodnota zeta potencidlu je pfi nizkych hodnotich
« poméru

r = x (CaCl) / x (SiOy)

zdpornd, coZ je svédectvim, Ze aktivnimi centry jsou nenasycené
vazby kysliku v povrchové vrstvé 8i,0,, agregatii soli. Vysledky
méfeni pfi nizkém moldrnim poméru sloZek jsou charakterizo-
vény velkym rozptylem. D4 se pfedpokladat, 7e pfi rostoucim
obsahu CaCl, dochdz{ jednak ke kompenzovani naboje a jednak
k blokovéni{ povrchu interakei s vdpenatymi ionty. Tyto jevy jsou
dokumentovény ristem zeta potencidlu. K pfekrogeni hodnoty
charakterizujici izoelektricky bod t.j. { = 0 dochdz{ v rozmezi
hodnot poméru r (r,,,) od 0,713 do 0,915. Za t&chto podminek
zjevné klesd rozptyl, coZ signalizuje dosaZenf ustileného stavu.
Vizudlni pozorovani reagujictho systému dokazujf, Ze pravé v
blizkosti izoelektrického bodu dochézi ke gelaci. V diagramu na
obr.1 jsou tyto podminky charakterizovdny zjevnou diskontinui-
tou. D4 se oCekdvat, Ze pfi { = 0 + € byla odstranéna energetic-
ké bariéra ve formé zaporn€ nabité vrstvy a byly vytvoteny pied-
poklady pro rychlou interakci ¢4stic. Podle nasich pfedstav zména
povrchového naboje vyznamné piispivd ke gelaci soustavy.
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