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Packing of bimodal mixtures of colloidal silica 
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The aim of this work was to determine the influence of the size distribution of silica powders on 
the characteristics of the resultant green bodies obtained by colloidal filtration. In order properly to 
investigate the scientific relationships between the forming parameters and the nature of the 
particle packing, a model ceramic material was chosen, i.e. monosized (100 and 10 nm) spherical 
powders of SiO2 and colloidal filtration under 3.45 MPa was used to cast monomodal and 
bimodal mixtures of silica sols. The electrophoretic and rheological behaviour of those systems 
have been investigated. The permeability as well as the pore size distribution was found to 
decrease as the volume faction of fines increased (to 30%). The evolution of the density as 
a function of the volume fraction of fines follows the behaviour observed for the packing of 
bimodal mixtures of hard spheres. The systems with only one size particle were found to pack with 
densities close to that of random close packing. Two dimensional computer simulations and 
correlation to the experimental results showed that a model of "triangular" pores is preferred to 
a model of "square" pores. 

1. Introduct ion  
1.1. Pore structure 
The main advantage of the slip casting process is its 
ability to form complex shapes with uniform, agglom- 
erate free microstructures. The major disadvantage is 
that dimensional control is poor due to a number of 
factors, namely particle packing heterogeneities and 
shrinkages occurring during drying and sintering. The 
particle packing, in turn, depends on the slip viscosity, 
water content, mould and powder properties 1-1]. The 
density of the casting, which will have a large influence 
on the drying and sintering shrinkage, is dependent 
upon a number of factors; among them, the particle 
size distribution of the powder, the state of agglom- 
eration and the packing efficiency [2]. 

In addition to the emphasis put on particle packing, 
it is also critical to evaluate the nature of the pore 
structure in the green body. The pore coordination 
number, R, is defined as the number of particles which 
surround and define the pore surface, and determines 
whether or not the pore can eventually disappear by 
mass transport [3]. In general, for a given dihedral 
angle, qb, there exists a critical coordination number, 
Re. Pores with a coordination number lower than Re 
will disappear during sintering [4], Pores with a 
higher coordination number will shrink to an equilib- 
rium size, becoming thermodynamically stable, and 
thus will limit the end point density to less-than 
theoretical [5]. The only way for these pores to be 
eliminated is if there is sufficient grain growth such 
that R becomes less than Re. Clearly for structural 

applications requiring a small and narrow final grain 
size distribution, such grain growth is undesirable. 

It has also been shown that the defects generated 
during the forming process (such as agglomerates), 
which produce large pores with large R values ( > Re) 
are responsible for microstructural non-uniformity, 
which can be amplified during the drying and sinter- 
ing steps. This often leads to ceramic products which 
have lowered mechanical strengths and poor reliabil- 
ity [6]. In order to improve the properties and reliab- 
ility of the final product, one must improve the 
microstructure and microstructural uniformity of the 
green body. This includes both particle packing and 
pore uniformity. 

The properties of an idealized sinterable powder for 
producing a theoretically dense single phase ceramic 
are believed to be a fine size (between 0.1 and 1 gin), 
a narrow size distribution, an equiaxed shape, and 
freedom from agglomeration [7]. Techniques for syn- 
thesizing such powders have been established by many 
investigators [,8-17]. 

Because the sintering rate increases with the particle 
coordination number, lower temperatures are re- 
quired for sintering ordered arrays than disordered 
arrays [18]. These considerations have led to the pro- 
posal [19] that a perfect close-packed arrangement of 
monodispersed particles is the ideal starting point for 
obtaining the highest strength and reliability at the 
lowest cost. Such uniform microstructures can be ob- 
tained through colloidal processing of monosized 
spherical particles. There is some concern, however, as 
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to the influence on mechanical properties of certain 
"ordered packing" defect structures, such as domain 
(grain) boundaries, etc., as shown in Fig. 1. As stated in 
a recent review, it is questionable whether perfect 
single crystal structures can be formed on a macro- 
scopic scale [20]. 

1.2. Particle packing 
A different approach has been to avoid particle order- 
ing altogether and seek a random close-packed struc- 
ture of narrow size distribution powder which would 
yield a minimum defect population. With this ap- 
proach, recent results have shown significant increases 
in the modulus of rupture (MOR) for reaction-bonded 
Si3N4 (RBSN), made from laser-synthesized and col- 
loidally processed silicon powders [21]. Average 
MOR values of 531 MPa were obtained (at 76% pTh) 
in contrast to values of 276-299 MPa [22, 23] for 
conventionally synthesized RBSN. 

Another possible approach has followed the pre- 
mise that the proper solution is a controlled disorder, 
i.e. ideal, uniform, random close packing of bimodal or 
trimodal suspensions, rather than use of a single size 
particle [24]. 

1.3. Bimodal size dis t r ibu t ions  
While a recent study on the effect of particle sizes in 
bimodat suspensions was only carried out in two di- 
mensions, the main conclusions may have significant 
relevance to three dimensional powder packing [25]. 
It has been shown that binary mixtures of spherical 
particles lead to structures with dense random pack- 

ing with a smaller defect size than for monosized 
powders. Even though the random packing has 
a lower bulk density than the perfect crystalline pack- 
ing,_the random packing is expected to have more 
uniform sintering characteristics due to smaller 
density fluctuations in the structure. They found that if 
the size difference between the large and small par- 
ticles was too large, particle segregation occurred, 
resulting in the formation of ordered domains. It is 
critical to carefully control the following parameters: 
size ratios, relative concentrations of small versus 
large particles and, also, the relative mobilities of the 
two particle sizes. 

The purpose of the present study was to determine 
what kind of particle.packing would result when using 
colloidal filtration of bimodal suspensions as the pro- 
cessing method. Based on the behaviour of larger sized 
powders, it was thought that the interstices of the large 
particles could theoretically be filled by the small 
particles. This would result in a reduction in the pore 
size as well as an increase in the density of the green 
body. The size ratio between the coarse and fine pow- 
ders was chosen at 10, based on the work of McGeary 
[26]. According to the results of experiments reported 
by McGeary and others [27-29], the maximum green 
packing density for spherical steel shot was obtained 
using several (three or four) different particle sizes 
where the ratio of large to small was greater than 
seven. This value of seven corresponds to the triangu- 
lar pore path formed by any three close-packed spheres 
of equal size. The packing efficiency was a maximum 
with a particle size ratio of ~ 10. 

The silica sols used in this study were characterized 
from a colloidal and rheological standpoint. The rate 
of build-up of resultant cakes was measured. The pore 
size distribution, as well as the density of the cakes was 
also measured. The data have been used in an attempt 
to understand whether an ordered or a disordered 
microstructure could evolve from such a process. An 
attempt was made to determine what advantages the 
fine bimodal particle size distribution could bring to 
the characteristics of the cakes (~ts opposed to a fine 
monosized powder) in terms of packing, density, pore 
size, and pore size distribution. 

2. Experimental procedure 
2.1. Powders 
In order to attain the goals outlined above, two 
batches of monodispersed silica particles of 10 and 
100 nm were used. Table I gives the physical charac- 
teristics of the powders (Nyacol Products, Inc., 

Figure 1 Scanning electron micrographs showing defects associated 
with crystalline or ordered particle packing. 
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TABLE I SiO2 powder suspension characteristics 

Grade 830 Grade 9950 

Particle size (nm) 10 100 
SiOz (wt %) 30 50 
Na20 (wt %) 55 12 
Specific gravity 1.22 1.40 
pH 10.5 9.0 
Viscosity (mPas) 8 18 



Ashland, MA) used. The silica sols selected not only 
provided the proper size ratio of 10 but were also well 
dispersed and stable. It was not possible, however, to 
concentrate the sols without causing an irreversible 
transformation to a gel, but dilution was possible. In 
order to make mixtures of the two sols and to be able 
to make comparisons, there was a limit to the max- 
imum solids loading of 30 wt % S i O  2. Consequently, 
all experiments were performed with a total solids 
loading of 30 wt % SiOz ( ~ 16 vol %). 

Powders for characterization studies were prepared 
by the addition of 100 cm 3 alcohol, which led to the 
precipitation of the sol into a solid mass. Upon drying 
at 80 ~ this resulted in a fine powder. Any attempt at 
concentrating the sols led to the formation of a gel 
which would form a solid mass after drying. Since 
mixtures of the two sols were made and some were 
diluted by adding deionized water, one had to make 
sure that the variation of pH inherent to such opera- 
tions would not have a significant effect on the elec- 
trophoretic mobility of the particles. For  that reason, 
the variation of the zeta potential as a function of pH 
was measured. Powders for electrophoretic measure- 
ments were dispersed in a 10-3M KC1 solution to 
maintain the overall electrolyte concentration con- 
stant and the pH was adjusted with either additions of 
HC1 or NaOH. This approach results in a constant 
double layer thickness in the four to ten pH range. At 
pH 2, however, the H + ions outnumber the K + ions 
by an order of magnitude. Consequently, the electro- 
lyte concentration is no longer 10-3M but 10-2M 
for a 1:1 electrolyte. The double layer will then be 
strongly compressed, and will not extend into the 
solution as far as before. The determination of the zeta 
potential values as a function of pH was carried out 
using an automated zetameter (Malvern Inst., 
Worcester, MA). 

2.2. Filtration 
SiO/ suspension viscosities were measured using 
a concentric cylinder viscometer (Haake Buchler, 
Saddle Brook, N J) from 0-300 s-  1. The sols and dif- 
ferent mixtures of fine and coarse sols were pressure 
cast using the cell illustrated in Fig. 2. The thickness of 
the cakes was measured through the transparent cell 
walls. The cakes were allowed to dry at room temper- 
ature until their translucent appearance was replaced 
by a white one and then stored in a dryer at 200 ~ 
The cakes were characterized for surface area and 
pore size distributions using the Nz BET technique 
(Omicron Technology Corporation, Omnisorb, 
Berkley Heights, CA). The particulate densities were 
measured using He pycnometry (Micromeritics, 
Norcross, GA). Mercury porosimetry was used to 
measure pores with sizes greater than 600 nm (Mi- 
cromeritics, Norcross, GA). Cake densities were cal- 
culated from BET measurements. 

3. R e s u l t s  
3.1. P o w d e r  cha r ac t e r i z a t i on  
The measured densities for these powders were 

2.18 gcm -3 for the 100 nm sol, and 2.19 gcm -3 for 
the 10 nm sol. These values are in good agreement 
with the value of 2.2 g c m -  3 which is reported in the 
literature [30] for pure amorphous silica sols. 

The results of the zeta potential measurements for 
grade 9950 are presented in Fig. 3. From this curve, 
several points should be noted. First, each point on 
this plot is an average of three different measurements, 
so that there is a high level of confidence in all points. 
The sharp increase in zeta potential at about pH 
2 may, at first, be surprising. Second, the isoelectric 
point is at a pH of approximately 2. Third, a change of 
pH from 8 to 10 does not result in any significant 
change in the zeta potential value of this sol. The 
results for the grade 830 could not be obtained due to 
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Figure 2 Schematic drawing of the transparent pressure filtration 
cell. 
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Figure 3 Zeta potential versus pH of colloidal SiOz powders. 
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Figure 4 Viscosity (at 300 s-~) versus vol % fines for bimodal SiO2 powders. ~/: ([B) up, (0) down. 

a very high ionic strengths which would have led to 
equipment damage. 30 F 

Fig. 4 presents the results of the viscosity measure- [ ments at a shear rate of 300 s-  1 as a function of the 
volume fraction of fines. As was true for the pure sols "~ z0 
and for all the mixtures, the viscosity increased slightly a 
after the samples were held at the maximum shear rate 
for 5 min. It can be noted that the plot is V-shaped. _~ 
The viscosity goes down from 3.8 mPas for 0 vol % '~ 
fines to about 3 mPas at 25 vol % fines, and then goes .~ 
up to about 5 mPas for 100 vol % fines. As more and 
more small particles are added to the large ones, the 
viscosity decreases to a minimum, and after a "critical" 
volume fraction of fines is reached (at ~ 25-30 vol %), 0 0 
the viscosity increases. It should be noted that the 
viscosity is higher for the 10 nm particle sol than for 
the 100 nm particle sol. 

3.2. Filtration 
Fig. 5 presents a plot of the thickness of the filtered 
SiO 2 cakes as a function of the square root of time for 
0, 30, and 100 vol % fines. The behaviour is linear, 
which was typical of all of the filtration experiments 
carried out with various sol mixtures. (It should be 
noted that any non-linearity at short times could not 
be determined using these experimental methods). It 
should be noted that the smaller the slope, the longer 
the time to build up a cake of constant thickness. The 
smaller slope corresponds to decreased flow through 
the thickness of the cake, i.e. the cake is more resistant 
or less permeable to the liquid flow. The slope of these 
plots can be related to the permeability value of the 
cake and the permeability and the slope both vary in 
the same direction. 

3.2. 1. Particle size distributions 
In Fig. 6, the variation of the slope (of the previous 
type of curves), is plotted as a function of the volume 
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Figure 5 Cake thickness versus t ~ for 0, 30, and 100 vol % fines 
SiO 2 powder cakes. 

fraction of the fine component in the bimodal casting 
suspensions. The addition of fines in the range of 0 to 
100vo1% leads to a decrease in the slope of the 
thickness versus t t/2 plots. If this decrease in slope is 
examined in the range 0-40 vol % fines, as well as in 
the range 60-100 vol %, a plateau or a slight increase 
can be noted in the range 40-60 vol % fines. The 
extreme values of the slope are 2.9 and 1.5 gm h ~ for 
0 vol % fines, and 100 vol % fines, respectively (Fig. 6). 

Equation 1 shows that, for the slip casting process, 
the thickness of the cake, L, is proportional to the 
square root of time, t, as [31] 

L 2 = P t / { ( E s a v / ~ s -  1) [ l /Kay  

+ (Esav/(I)s -- 1)/EmKm] } = Ct  (1) 

where P is the total filtration pressure (capillary pres- 
sure), E,.v is the volume fraction of solids in the cake, 
�9 . is the volume fraction of solids in the slip, Km is the 
permeability of the mould, K.v is the permeability of 
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Figure 6 Slope of thickness versus t ~ curves for various volume fractions of fine Si02 powders. 

the cake, E m is the porosity of the mould, and C is 
a constant. 

The constant, C, is a function of the volume fraction 
solids in the cake and in the slip and the porosity and 
permeability of the cake and the mould. In this case, 
the slope would be equal to the square root of C. 
Assuming that P, E . . . .  Era, Kin, and @s defined in 
Equation 1 are constant during the experiment, the 
slope would be proport ional  to the square root of the 
average permeability of the cake. Based on these con- 
siderations, it appears that the permeability of a cake 
with 0 vol % fines is four times that of a cake with 
100 vol % fines. It is interesting to note the very low 
value of the permeability at 40 vol % fines. If the 
evolution of the density as a function of the fine 
volume fraction of powders was to follow the same 
evolution as the system with a size ratio of 10 studied 
by McGeary and others [26-29], a maximum packing 
density would be expected between 30 and 40 vol % 
fines. It is reasonable~to expect, therefore, that a min- 
imum value of the permeability would correspond to 
the highest packing density (or the closest type of 
packing). 

As the volume fraction of fines is increased in the 
range 0-50 vol %, both the average pore size and the 
pore size distribution width decrease as seen in Fig. 7. 
This is in good agreement with the fact that there is 
a decrease in permeability over the same range. 
Clearly, the cakes become less permeable as the small 
particles decrease the pore sizes between the large 
particles. The BET method is unable to detect pores 
above 600 nm and the results obtained detected no 
pores above 20 nm. Table [I gives the results obtained 
from mercury porosimetry (SEM observations in- 
dicated that the larger pores were near the cake filter 
media interface), over a pressure range 15-300 p.s.i 
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Figure 7 Pore size distributions for cakes from various mixtures of 
fine (10 nm) and coarse (100 nm) SiO2 powders. ( ) 100% fines, 
( - - )  50% fines, ( - - - )  30% fines, ( . . . .  ) 0% fines. 

(103p.s.i. = 6.89 N r a m -  2). These measurements were 
made in order to complete the pore size information 
obtained from BET. The goal was to determine if the 
cakes had pores larger than 600 nm. The pore volume 
was determined for cakes made with 0, 30, and 
90 vol % fines. As can be seen from the results given in 
Table II, there are some pores in the cakes with sizes 
between 0.6 and 10 gtm, but they do not contribute 
significantly to the total pore volume measured (0.21 
and 0.24 cm 3 g - 1 ) below 0.02 gm. 

Fig. 8 shows the density of the different cakes as 
a function of the volume fraction of fine particles. 
Densities were calculated from BET pore volumes and 
confirmed using the Archimedes method. The density 
is expressed as a fraction of the theoretical density 
(taken as 2.2 g cm - 3). It  can be seen that the variation 
of the density versus the volume fraction of fines, 
follows a curve which reaches a maximum at about 
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Figure 8 Density of cakes from various mixtures of fine (10 nm) and coarse (100 nm) SiO2 powders. 
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TABLE II Mercury porosimetry of colloidally filtered cakes 

Sample Pore size Pore volume 
(gm) (era a) 

0 vol % fines 9.25 0.0 
3.72 0.002 
1.72 0.002 
0.96 0.002 
0.81 0.002 
0.62 0.003 
0.58 0.003 

< 0.02 0.21-0.24 

30 vol % fines 9.25 0.0 
4.14 0.0 
3.03 0.00004 
1.62 0.0001 
0.64 0.0001 
0.57 0.0001 

< 0.02 0.21-0.24 

90 vol % fines 9.25 0.0 
4.46 0.0001 
2.94 0.0004 
1.62 0.0004 
0.59 0.0004 

< 0.02 0.21-0.24 

30 VO1% fines. It should be pointed out that  the 
max imum density obtained for 30 vol % fines is 70% 
theoretical while the average value at 30% fines was 
68% theoretical. I t  should be noted that  the densities 
at the two extremes, that  is 0 and 100 vol % fines, are 
64.2 and 64.3% theoretical, respectively. These values 
correspond closely to what  has been reported for 
r andom close packing of monosized hard spheres 
[32]. 

6 0 4 0  

Figure 9 Transmission electron micrograph of coarse (100nm) 
SiO2 powder. 

A transmission electron micrograph of the 100 nm 
SiO2 powder  is presented in Fig. 9. As can be seen, the 
particles are not  quite spherical but  are rather mono-  
sized and are approximately  100 nm diameter. 

Fig. 10 is scanning electron micrograph of  a fracture 
surface of a cake made  with 100 vol % 100 nm par- 
ticles. Some almost  spherical but  nonetheless discreet 
particles can be seen, which appear  to be approxim- 
ately 100 nm in size. The microstructure,  a l though not  
ordered, appears to be rather densely packed with 
some small pores distributed rather uniformly 
th roughout  the microstructure.  N o  large pores (in the 
0.5-10 ~tm size range) were observed in the bulk or top 
surfaces of  the cakes. Large pores of this size were seen 
at the cake filter interface. The microstructure of cakes 
made with 100 vol % 10 nm particles, appears to be 



Figure 10 Scanning electron micrograph of the fracture surface of 
a cake made from 100% coarse (100 nm) SiO2 powder. 

densely packed with pores ( ~  100 nm) distributed 
uniformly throughout the microstructure. 

3 nm 

5 nm 

10.5 nm 

41.7 nm 

4 .  D i s c u s s i o n  

4.1. Suspension characteristics 
In the pH range of 4 to 10, it is certain that the zeta 
potentials are all measured at the same distance from 
the surface of the particle, and can be compared to one 
another. On the other hand, between pH 2 and 4, the 
double layer is strongly compressed since the concen- 
tration of H § ions becomes significant. This means 
that the zeta potential values obtained around pH 
2 belong to a curve for an electrolyte concentration of 
10-2M. Nonetheless, the value of the zero point of 
charge should not be affected. It appears that the zero 
point of charge value reported for a pH of 1.95 is valid 
and in agreement with what is reported in the literat- 
ure for pure amorphous  silica. 

The decrease in viscosity which was observed for 
different bimodal mixtures of powders is likely to be 
related to the concept of free volume. When small 
particles are added to large ones, the packing density 
increases until 30 v o l %  fines is reached, then de- 
creases. The greater the tendency of the particles to 
pack efficiently, the more free liquid there will be 
available for flow. Thus, adding fines to the coarse 
powder will lower the viscosity. It can be noted that 
the results obtained from the viscosity measurements 
are in good agreement with those from the density 
measurements in that extremes in both cases occur at 
30 vol % fines. 

4 . 2 .  Pore  size d i s t r i b u t i o n  
In order to try to relate the measured pore size distri- 
butions to some physical reality, two dimensional 
computer simulations were performed, in the case of 
four contacting spheres. The results are shown in Fig. 
11 which shows four contacting spheres, each having 
a diameter of 100 nm. It can be seen that the equival- 
ent diameter of the internal pore (i.e. the largest circle 
that will fit inside) is 41.7 nm. This calculated ~?alue, 
although representing an ideal case, is three times the 
peak pore diameter obtained from the pore size distri- 
bution curve for 100 nm particles shown in Fig. 7. It  

F o u r  c o n t a c t i n g  s p h e r e s .  

Figure 11 Two-dimensional simulation of rectangular close pack- 
ing of 100 nm spheres. 

2.1 nm 
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Figure 12 Two-dimensional simulation of triangular close packing 
of 100 nm spheres. 

would seem from these considerations, that the pow- 
ders are not packed with a coordination number of 
4 (in two dimensions). Calculations were also made for 
the case where there are three contacting 100 nm 
spheres (in two dimensions). Those results are shown 
in Fig. 12. In this case, the equivalent pore diameter is 
15.5 nm. This value is quite close to the result obtained 
from the BET experiments (15.0 nm). It would seem 
from these comparisons, that the four contacting 
spheres model can be discarded, and the three contact- 
ing sphere approximation is more representative of 
the actual particle packing. 

In another computer  simulation (Fig. 13), it was 
assumed that there were three contacting spheres of 
equal size with a 100 nm diameter. This time, it was 
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Figure 13 Two-dimensional simulation of triangular close packing 
of bimodal mixtures of 100 and 10 nm spheres. 

considered that the small particles were 10 nm dia- 
meter. It can be seen that once a 10 nm particle is 
placed within the triangular pore, the possible pore 
radii are successively 10.1 and 7.6 nm. These values 
are quite close to the results obtained from the BET 
experiments (Fig. 7). Thus, it would seem that the 
model is close to the real situation. The type of pack- 
ing in the cakes would be one of three contacting 
spheres (i.e., close packed), with one to two small 
particles in the pore. This is a situation which would 
promote a higher packing density, a smaller pore size 
and result in reduced permeability, as was observed 
experimentally. 

The current model is limited to a two-dimensional 
case due to the fact that in the case of close packing, 
only two possibilities exist, i.e. "triangular" or 
"square" pores, and the model can easily be related to 
the experimental results of pore size and pore size 
distribution obtained by BET measurements. In addi- 
tion, the BET measurements as well as the mercury 
porosimetry measurements are related to the cross- 
sectional area of the pores. For  this reason, the experi- 
mental results may allow us to determine which one of 
the solutions would be closer to reality. I t i s  evident 
that a three dimensional model would be preferable 
and more realistic; however, this type of simulation is 
quite complex. Moreover, a large number of solutions 
are theoretically possible and, in order to determine 
which one fits reality best, other types of experiments 
would be needed, such as small angle neutron 
scattering. 

As was shown in Fig. 8, there is a rapid increase in 
density in the range 0-30 vol % fines and a slow 
decrease in density in the range 30-100 vol % fines! 
The density values calculated for the range 0-100 vol % 
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fines show that the maximum density occurs at 
30 vol % fines. This is in good agreement with the 
different studies on the packing of bimodal mixtures of 
hard  spheres where the maximum in density occurs at 

30 vol % fines. It can also be noticed that the 
densities for 0 and 100 vol % fines" cases are 64.2 and 
64.3% theoretical, respectively. These are in good 
agreement with the packing densities reported in the 
literature for the "random close packing" of mono- 
sized hard spheres. There is a maximum density of 
68.07% theoretical at 30 vol % fines. From the data 
on the packing of bimodal mixtures of hard spheres, 
the maximum in density is attained at 30 vol % fines 
with an experimental density of about 80% theoretical 
for a diameter ratio of 10. This difference in the values 
of the maximum density achieved could be due to 
several factors. First, in this study, the particles are in 
the sub-micrometre size range, which may give rise to 
some flocculation of the fine fraction or heterofloc- 
culation of the fine and large fractions. In addition, the 
charged particle surfaces may lead to some deviation 
from the case of metal shot, i.e. the particles may have 
larger effective diameters due to double layer thick- 
ness and hydration layer. 

Iler [23] showed that the solubility of amorphous 
silica varies as  a function of pH. The solubility de- 
creases from 150 p.p.m, to 100 p.p.m, in the pH range 
2-7. At pH 7, the solubility is at a minimum of 
100 p.p.m. However, the solubility increases dramat- 
ically in the pH range 7-10, going from 100 p.p.m, to 
1000 p.p.m. The solubility of silica is higher when the 
silica surface is convex, and lower when it is concave. 
In fact, the smaller the radius of curvature, the greater 
the effect on solubility. Thus, because smaller particles 
have smaller positive radii, they have a higher equilib- 
rium solubility. Therefore, the smaller particles may 
tend to dissolve, and the larger ones may tend to grow. 
In the case where the silica particles flocculate at the 
point of contact, the radius of the curvature between 
them is extremely small and negative. The silica may 
tend to dissolve from the particle surfaces and be 
deposited at the point of contact to minimize the 
negative radius of curvature, thus forming a neck 
between the particles. This evolution of contact zones 
between particles could explain why, even if one could 
distinguish spherical forms in the scanning electron 
micrographs in some areas, the particles did not seem 
separated from one another. This could also account 
for the presence of particles of about 50 nm in a cake 
with 100 vol % 10 nm particles. 

5 .  C o n c l u s i o n s  
Filtration experiments were carried out using a high 
pressure transparent casting cell on colloidal suspen- 
sions (at 30 wt %, ~ 16 vol %) with bimodal mixtures 
of 10 and 100 nm silica particles. The zeta potential 
measurements versus pH, indicated a zero point of 
charge at pH 2, and the density of those powders were 
2.18-2.19gem -3, in good agreement with reported 
values. The viscosity measurements showed a slightly 
shear-thickening behaviour. The viscosity increased 
when the diameter of the particles decreased, most 



likely due to electroviscous effects. A minimum in 
viscosity was observed for bimodal mixtures at 
30 vol % fines. During filtration, the thickness of the 
cakes follows a linear behaviour when plotted as 
a function of the square root of time. The permeability 
of such cakes initially decreases then increases slightly 
as the fraction of fines is increased. As the fraction of 
fines increases, the peak in the pore size distribution 
decreases from ~ 15 nm to 4 nm diameter. The vari- 
ation of packing density with fraction of fines follows 
the evolution reported by McGeary and others for 
bimodal mixtures of hard spheres [26-29].  In these 
experiments, the maximum measured density was 
68.07% theoretical at 30 vol% fines. The packing 
densities obtained for both 0 and 100 vol % fines are 
close to the values reported in the literature for ran- 
dom close packing of hard spheres. A two-dimen- 
sional model of three close packed spheres fits the pore 
size data results obtained much better than a model of 
four contacting spheres. ,, 
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