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Abstract-Si02 sols were made unstable by addition ofCa2+ ions. The resulting states of instability were 
classified as gelation, flocculation, and precipitation by means of observation, by checking the Tyndall 
effects on the supernatant or suspending solution, as appropriate, and by measuring the apparent densities 
of flocculated mass. The concentrations of free Ca2+ ions left in solution were measured by means of a 
Ca2+ ion selective electrode. The amounts sorbed onto Si02 particles were then calculated by material 
balance. It was found that while the amount sorbed dictates the limit of stability, the Si02 concentration 
in the mixture is an important factor deciding the state of instability. Depending on the Si02 concentration, 
there were two distinct floes with the apparent floc density of 6 ± I and 12 ± I mg Si02/ml. 

Key Words _Ca2+ induced instability, Ca2+ sorption, Flocculation, Gelation, Precipitation, Silica colloids, 
Two distinct flocculates. 

INTRODUCTION 

Extensive studies have been devoted to the stability 
of Si02 sols in the presence of various electrolyte cat
ions. A recent paper by Milonjic (Milonjic 1992) con
tains an effective summary of the history of such stud
ies. A majority of the works seems to conclude that it 
is the amount of electrolyte cations sorbed, not the 
surface charges that is the key quantity in dictating 
stability of SiOz sols. In all the studies, the attention 
has been focused on the limit of stability, and nothing 
was said about the resulting state of instability. 

In dealing with problems associated with tailings, 
however, the state, in which a destabilized sol results 
in, is also important (Cheng et al1991) When the con
ditions (the concentration of cations, the value of pH, 
etc.) cross the limit of stability, they could take various 
states of instability. The entire volume of sol may turn 
into gel (gelation), or coagulated particles sink leaving 
finer particles dispersed (precipitation). Or, a volume 
of gel-like mass may form leaving a clear supernatant 

volume than precipitates. The supernatant liquid above 
the floc is clear with no particles, which can be checked 
by the lack of the Tyndall effect. The boundary between 
the floc and the supernatent can be sharp or gradual 
with some gradient in particle concentration. Stable 
sols are such that particles are suspended evenly 
throughout the entire solution, which causes the Tyn
dall effect. This scheme of classification is not univer-
sal. In fact, there is none accepted universally at pres
ent. In this work, however, we use the above classifi
cation scheme, though somewhat arbitrary, for con-
venience. 

In the present work, we address the state of insta
bility explicitly, when stability of a Si02 sol is broken 
by addition ofCa2+ ions. We noted that the SiOz con
centration in the mixture is an important factor dic
tating the state of instability. What follows is a prelim
inary report of a qualitative work. 

EXPERIMENTAL 

solution above it (flocculation) (van Olphen 1991). Ge- 40 wt. % Si02 sols used were Ludox HS-40 donated 
lation is a special case of flocculation. A gel is a mac- by Canada Colors and Chemicals Ltd. The primary 
roscopically homogenous mass with elasticity. The particles were specified as 120 A in diameter and it 
particles are agglomerated to form a floc which occu- was confirmed by small angle x-ray scattering tech
pies the entire volume of an available space. The dif- nique (Xu et al unpublished). The specification for the 
ference between flocculation and precipitation lies in sample of Ludox HS-40 indicated that it contained 
the mode of particle agglomeration. For precipitation, 0.41 wt. % of titrable alkali as NazO. It follows then 
particles coagulate to form larger particles, which sink that there is 3.4 x 10-4 mol of Na+ ions/g of Si02 

to the bottom of the test tube. The density of the pre- surfaces. Our own results indicated (4.0 ± 0.4) x 10-4 

cipitates is very close to that of particles themselves. mol/g. The concentration of Si02 particles were found 
In this case, finer particles may remain in the sus- to be 40.1 wt. % by gravimetry. 
pending liquid, which can be detected by the Tyndall 20.00 ml solutions were made of a stock solution of 
effect. In flocculation, the particles organize themselves Borax buffer (0.05 M), and those of CaCl2 of various 
into a visible floc, with some orders of magnitude larger concentrations and appropriate amounts of Si02 sol. 
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Table 1. Si02 - CaH system, state of stability/ instability and sorption, [CaH ]""""". The stability/ instability label: st, stable 
sol.; prec., precipitation. f-I or f-lI; flocculation, with apparent density in () in units of mg Si02/ mL. gel; gellation, with 
apparent density in () in units of mg Si02/mL. The nominal amount of sorption is placed below the stability/ instability label 
in units of 10- 4 mollg Si02 • 

Nominal amount sorbed, [Ca"J_ (10- ' mol/s SiO,) 

[Caa l_ (mM) 2 4 (; 10 

[Si02] (mglmL) 
(Al 30 st. st. st. gel(30) gel(30) gel(30) gel(30) gel(30) 

0.3 0.6 0.9 1.2 1.5 1.7 2.2 2.6 
(B) 10 st. f-I(l4) f-I(12) f-I(12) f-I(12) f-I(12) f-I(12) f-I(13) 

0.8 1.4 1.9 2.3 2.7 3.1 3.8 4.4 
(C) 9 st. st. f-I(11) f-I(12) f-I(12) f-I(12) f-I(12) f-I(11) 

0.9 1.6 2.3 2.9 3.5 3.9 5.1 6.1 
(D) 6 st. f-I(10) f-I(ll ) f-l(l1) f-I(ll) f-I(11) f-I(ll) f-I(IO) 

1.0 1.8 2.3 3.0 3.4 4.0 5.2 5.9 
(E) 3 prec. f-II(7) f-II(7) f-II(7) f-U(6) f-1I(6) f-II(6) f-II(6) 

1.7 3.4 4.8 6.4 7.7 9.2 12.4 16.1 
(F) 2 prec. f-II(6) f-1I(6) f-1I(6) f-II(6) f-1I(6) f-1I(6) f-II(6) 

2.2 4.2 5.8 7.8 10.0 11.9 16.0 20.1 
(G) 1.8 prec. f-1I(6) f-1I(6) f-1I(6) f-II(6) f-1I(6) f-1I(6) f-1I(6) 

2.3 4.5 6.2 7.9 10.5 12.7 17.1 21.4 

(Hl prec. f-1I(5) f-II(5) f-II(5) f-II(5) f-II(5) f-II(5) f-II(4) 
3.1 5 .6 8 .3 11.3 14.2 17.2 23.4 30.0 

(1) 0.9 prec. f-II(6) f-II(5) f-II(5) f-II(5) f-II(5) f-II(5) f-II(5) 
4.1 8.8 13.3 18.3 22.3 26.7 36.8 47.7 

(K) 0.6 prec. f-II(6) f-II(6) f-II(6) f-II(6) f-II(6) f-1I(6) f-1I(6) 
4.8 8.7 12.3 16.8 21.8 27.5 38.2 49.0 

(L) 0.18 prec. f-II(5) f-1I(5) f-1I(5) f-II(5) f-II(5) f-II(5) f-II(4) 
16.7 33.3 48.7 66.7 88.9 109. 143. 188. 

(M) 0.06 prec. prec. prec. prec. prec. prec. prec. prec. 
33.3 68.3 108 153 

CaClz' 2H20 (American Scientific & Chemicals) was 
used for preparing Ca2+ stock solutions. The concen
trations of the resulting mixtures were for Borax fixed 
at 0.01 M, for the total Ca2+ ions from 1 mM to 10 
mM, and for Si02 particles from 0.06 mg!ml to 30 mg! 
ml. The value of pH was constant at 9 throughout this 
study. 

The mixtures were stirred by a magnetic stirrer for 
about an hour and allowed to stand for a day. The 
mixture was stirred thoroughly again and the EMF of 
the mixture was determined by a Ca2 + ion selective 
electrode. The imprecision was about ±0.3%. The elec
trode was purchased from Fisher Scientific. The species 
present in these solutions, i.e. , Na+ , borate, and pos
sibly dissolved Si02 (Iler 1 979a), are not listed as in
terfering species in the accompanying catalogue. 

About 7 ml portion of the mixture was transferred 
into a 10 ml test tube and was allowed to stand for 
about a month. The state of instability as classified 
above was then determined by observation and also 
using the Tyndall effect. A 0.5 mW He-Ne laser was 
used for this purpose. The apparent volumes of floes 
and gels were determined by means of the volume 
marks on the same test tube to within 0.1 ml. For the 
case of diffuse boundary, about the middle of the the 
gradient zone is taken to be the boundary. The apparent 

231 250 367 450 

density was then calculated using the total weight of 
Si02 particles and the apparent volume. It was later 
observed that the state of instability and the apparent 
floc density stayed the same within the uncerainty stat
ed above after 6 months. 

RESULTS AND DISCUSSION 

Table I summarizes the observations. After about a 
month from preparation, the state of each mixture ap
peared to have settled. Some stayed as stable sols, while 
others clearly developed visibly turbid floc which oc
cupied a fair portion oftest tube. The supernatent liq
uids above these floes were all clear without the Tyndall 
effects. For the series with the highest Si02 concentra
tion, series A, gelation occurred at higher concentra
tions of Ca2+. The entire test tube became a homo
geneous turbid elastic mass. The series of the lowest 
Si02 concentration, series M, appeared transparent, 
but the Tyndall effect was clearly evident for the 
mixtures of low Ca2+ though less than that for zero 
Ca2+ . As the Ca2+ concentration increases, the Tyndall 
effect diminishes to zero when [Ca2+]toW > 4 mM. This 
series were judged as precipitation. In the series with 
Si02 concentrations between these two extremes, the 
mixture was either stable or precipitation at lower con
centrations of total Ca2+ . The latter case was judged 
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by the fact that the Tyndall effect diminishes as Ca2+ 
concentration increased, while for the former case it 
seemed the same as for zero Ca2+ mixture. For higher 
concentrations of Ca2+, there were visible flocs. For 
such cases, the apparent volume of each floc was es
timated within ±0.1 ml, and the apparent density was 
calculated using this and the total amount ofSi02 par
ticles. For all the flocculation cases studied, the super
natent liquids did not contain any Si02 particles, judg
ing from the lack of the Tyndall effect. For the gelation 
case, the apparent gel density is the same as Si02 con
centration as prepared, since the volume of gel is that 
of the entire mixture. As is evident from Table I, there 
appear to be two distinct kinds of floes, with different 
apparent densities, 6 ± 1 mg/ml, floc(I), and 12 ± 1 
mg/ml, floc(II). When the apparent density is plotted 
against Si02 concentration at a fixed value oftotal Ca2+ 
concentration, a clear step is evident, as shown in Fig
ure I for [Ca2 +]'otaJ = 6 mM. This sudden change in 
density resembles the volume-phase transition of ac
rylamide gels (Hirotsu et aI1987). In the present case, 
the transition, if indeed it is, seems to be driven by the 
concentration of Si02 particles. 

Among other possible factors that governs such a 
sharp density change of floc, sorption ofCa2+ on Si02 

particles may play an important role, besides dictating 
the limit of stability (Milonjic 1992). For the purpose 
of estimating the amount of sorption, we made an at
tempt at measuring the free Ca2+ concentration in sus
pending solution by Ca2+ ion sensitive electrode. There 
are the total of four different kinds of colloidal situa
tions, stable, precipitation, flocculation and gelation, 
in all of which the EMF must be measured under a 
similar situation. Thus, all the samples were stirred 
just before the EMF measurement. In this way, the 
EMF values are under the condition that all the par
ticles are forced to disperse homogeneously. The EMF 
readings were converted to the concentration of free 
Ca2 + ions in solution using the calibration curve, which 
was previously obtained with a series of standard Ca2+ 
in the same buffer without Si02 particles suspending. 
The concentration of free Ca2 +, [Ca2+]ftee, thus deter
mined was found less than the original Ca2 + concen
tration as prepared. The difference was more for the 
sample with a higher Si02 concentration. The decrease 
in [Ca2+]free in the presence ofSi02 particles can be due 
to sorption ofCa2+ ions onto Si02 particles and/or to 
the so-called "dispersion effect" (van Olphen 1991 a). 
This comes from the Donnan potential the reference 
electrode registers depending on whether the reference 
electrode is in contact with suspension or supernatent 
solution. Since we have to deal with all four situations 
and all the cases but one has a supernatant solution, it 
is not immediately obvious how to assess the disper
sion effect applicable generally to all the cases. We, 
thus, tentatively assume that the apparent decrease in 
[Ca2 +]free is due only to sorption onto Si02 particles. 
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Figure 1. The apparent floc density against Si02 concentra
tion, at [Ca2+]total = 6 mM. 

The amount sorbed was calculated from total Ca2+ 
material balance, and is listed in Table I. Note that 
this amount sorbed is nominal only, since it may con
tain yet unknown systematic error, due to the disper
sion effect. As is evident for series (A) to (D) in Table 
I, the amount sorbed, though nominal, seems to take 
about 1.4 to 1.6 x 10-4 mollg Si02 at the boundary 
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Figure 2. Stability/Instability Diagram for Si02-Ca2+. The 
abscissa is the amount Ca2+ sorbed, [Ca2+)",,,-, (10-4 moll 
ml), and the ordinate is the total concentration of Si02 par
ticles, (mg/ml). St, stable sol; Gel, gelation; Floc(I), floccula
tion (I); Floc(II), flocculation (II); Prec., precipitation. See the 
text for detail. 
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between stable and gelation or flocculation(I). Assum
ing Ca2+ replaces two Na+ ions, the above threshold 
value is about the same as the total surface cations. 
This is consistent with the earlier conclusion that the 
amount of Ca2+ adsorbed plays the key role in desta
bilizing Si02 colloids. (Milonjic 1992). 

Figure 2 shows the stability/instability diagram plot
ted in the field of the amount sorbed and the concen
tration of Si02 • Thus, it is evident that while the Ca2+ 
sorbed is an important factor dictating the limit of 
stability of colloids, the Si02 particle concentration in 
the system determined the state of instability. This 
hints that Si02 particles and their surfaces participate 
actively in the chemistry of the entire system. It is clear 
that much more detailed study on the surface chemistry 
ofSi02 particles is necessary for a fuller understanding 
of the nature of instability. No doubt, application of 
the so-called "mass titration" (Zalac et at 1992, Noh 
et at 1989) will be useful as a starting point of such 
studies. 
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