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The stability of binary colloidal suspensions is examined and compared to that of particle-polymer 
systems. In particle-polymer systems, it is known that the addition of free polymers within a concentration 
range of  polymers to a stabilized dispersion leads to flocculation. Similar to particle-polymer systems, 
we have observed that in binary colloidal suspensions, particles of  the first kind can be induced to 
flocculate by the presence of particles of  the second kind, within a certain range of  concentration of  the 
second kind of  particles. Moreover, we have observed the growth of  clusters of  particles 1 at a later time 
in the initially restabilized regime. This slow growth of  clusters in the initially restabilized suspensions 
is associated with the slowing of  particle movement due to higher particle 2 concentrations. The aging 
phenomenon (growth of  clusters) that occurs at high particle 2 concentrations clearly indicates that the 
seemingly restabilized suspension at high particle 2 concentrations is not due to thermodynamics, but 
to slow kinetics associated with slow particle movements at high densities. A similar aging phenomenon 
was observed with a particle-polymer (c~-A1203/PAA) system in the seeming restabilization regime at 
high polymer concentrations. © I991 Academic Press, Inc. 

I. INTRODUCTION 

The phenomenon of  flocculation of colloi- 
dal particles upon the addition of  polymers to 
an initially dispersed colloidal suspension is 
now well established ( 1 ). The presence of  free 
polymers can induce stable particles to un- 
dergo flocculation when the polymer concen- 
tration is above some value c*. The floccula- 
tion rate of the colloidal particles peaks at 
some higher concentration c* * * > c*. When 
more free polymers are added, the flocculation 
rate decreases, and finally, at another concen- 
tration c* * > c* * *, the suspension appears 
stabilized. 

The process by which free polymers induce 
flocculation is referred to as depletion floccu- 
lation (2),  and the one by which the restabili- 
zation of  colloidal particles occurs at higher 
polymer concentrations is referred to as de- 
pletion restabilization. Depletion flocculation 
is attributed to an effective interparticle at- 
traction due to the presence of  free polymers 
(2, 3). As for depletion restabilization, two 
major theories exist which have quite different 
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explanations. Feigin and Napper (2) suggested 
that an effective interparticle repulsive barrier 
develops at higher polymer concentrations. As 
the repulsive barrier grows with increasing 
polymer concentration, it will eventually slow 
the flocculation and give rise to restabilization. 
On the other hand, Fleer et al. (3) showed 
that the effective interparticle interaction is at- 
tractive at all polymer concentrations and re- 
stabilization is due to thermodynamics: i.e., 
the system becomes a one-phase system at high 
polymer concentrations. Despite the different 
explanations for the mechanism of  the de- 
crease in the floeculation rate in the restabili- 
zation regime, the two theories share a com- 
mon ground. That is, both treat the polymers 
as a medium, which implicitly assumes that 
polymers always move fast enough to accom- 
modate whatever change the movement of 
particles causes. This assumption may not be 
valid when the viscosity of the polymer solu- 
tion is very high. 

Recently, Liu et al. (4) have studied the sta- 
bility of  a binary-particle system using both 
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Monte Carlo simulations and cluster variation 
method (CVM) calculations. They considered 
systems where only the interaction between 
particles of the first kind is attractive. They 
showed that the flocculation rate of particles 
1 increases with particle 2 concentration and 
peaks at a certain particle 2 concentration. At 
higher particle 2 concentrations, the floccu- 
lation rate of particles 1 decreases with in- 
creasing particle 2 concentration. The phe- 
nomenon of the particle 1 flocculation rate 
peaking at a certain value of particle 2 con- 
centration appears similar to the depletion 
flocculation and depletion restabilization 
phenomena occurring in particle-polymer 
systems. However, for the binary-particle sys- 
tems, these authors showed that the decrease 
in the flocculation rate at higher particle 2 
concentrations is due to slow particle move- 
ment at high concentrations, which is different 
from the thermodynamic (3) or the repulsive 
barrier (2) explanations proposed for the par- 
ticle-polymer systems. 

This paper presents our experimental stud- 
ies on flocculation in both particle-particle 
and particle-polymer systems and compares 
the results of both systems. For particle-par- 
ticle systems, conditions similar to those in 
the simulations in Ref. (4) were duplicated; 
i.e., the interaction between particles 1 is at- 
tractive, the interaction between particles 2 is 
repulsive, and that between particles 1 and 
particles 2 is repulsive. We found that, indeed, 
the initially stable suspensions of particles 1 
were induced to flocculate by the presence of 
particles 2 when the particle 2 concentration 
was above some value c*. The flocculation rate 
increased until it reached a maximum and 
then gradually decreased as the concentration 
of particles 2 was further increased. Finally, 
when the concentration of the second species 
was above some value c* *, the suspension be- 
came dispersed again. 

To our knowledge, this is the first experi- 
mental observation of a stable-flocculation- 
restabilization type of transition occurring in 
a particle-particle system. Furthermore, we 
were able to observe the growth of clusters of 

particles 1, associated with the slowing of par- 
ticle motion, in what seem to be restabilized 
suspensions at a later time. This aging phe- 
nomenon, the growth of clusters, that occurs 
at high particle 2 concentrations clearly indi- 
cates that the seeming restabilization at high 
particle 2 concentrations is a result of slow 
kinetics and not a result of thermodynamics. 
The slow kinetics at high particle 2 concen- 
tration is due to slow particle movement which 
is observable under the microscope. Thus, our 
observation agrees with the theoretical work 
of Liu et al. (4). In the particle-polymer sys- 
tems we studied, i.e., alumina particles coated 
with polyacrylic acid (PAA) in PAA solutions, 
we also observed similar aging behavior in the 
seeming restabilization regime at high PAA 
concentrations where the viscosity of the sus- 
pensions is high. The growth of clusters in the 
initially restabilized regime at high PAA con- 
centrations indicates that the seeming resta- 
bilization at high PAA concentrations is also 
due to slow particle movement. 

The occurrence of similar transitions in 
both binary-particle systems and particle- 
polymer systems illustrates that the stable- 
flocculation-restabilization transition is not 
unique to particle-polymer systems. Further- 
more, in both of the two binary-particle sys- 
tems and the one particle-polymer system we 
studied the seeming diminishing of floccula- 
tion at high particle 2 or polymer concentra- 
tions is due to slow kinetics arising from slow 
particle movement. Thus, besides thermody- 
namics (3) and the repulsive interparticle in- 
teraction energy barrier (2), the observation 
of aging in our binary-particle systems and our 
particle-polymer systems suggests a third pos- 
sibility for restabilization in a particle-polymer 
system, i.e., slow kinetics, at least for systems 
whose conditions are similar to ours. The slow 
kinetics we refer to here is the slow particle 
movement as evidenced in our experiments 
and in Ref. (4), which is different from the 
slow kinetics used in Ref. (2). In Ref. (2) par- 
ticle motion was not addressed and the slow 
flocculation rate is due to the growth of the 
energy barrier with polymer concentration, 
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which prohibits two particles from sticking to 
one another. 

In this paper, the experimental systems are 
described briefly in Section II. The formulas 
we used to calculate the interparticle interac- 
tion are given in Section III. The results and 
the discussions are given in Section IV. Section 
V provides a summary. 

II. EXPERIMENTAL 

The colloidal particles used in this work 
consisted of a-A1203 particles of average di- 
ameter 0.64 ~zm (AKP-20, Sumitomo Chem- 
ical Company, Japan), SiO2 particles of av- 
erage diameter 0.74/~m prepared by the St6ber 
method (5), and acrylic-based latex of an av- 
erage diameter of approximately 0.2 #m 
(Rhoplex AC552, Rohm & Haas Company). 
For both a-A1203/latex and a-AlzO3/PAA 
suspensions, polyacrylic acid of molecular 
weight (MW) 1800 was used as a stabilizing 
agent for a-A1203 particles (6) (PolySciences, 
Inc.). In the a-A1203/PAA suspensions, the 
free PAA molecules in the solution also have 
a molecular weight of 1800. For a-A1203 / SiO2 
suspensions, both a-A1203 and SiO2 particles 
were not coated. The water was deionized and 
distilled, and the pH was adjusted with the 
addition of reagent-grade NaOH. The electro- 
phoretic mobility of particles was measured 
with a zeta meter (Particle Micro-Electropho- 
resis, Rank Brothers, Cambridge, England). 

To detect any floceulation in the system, 
each suspension was observed under an optical 
microscope (Leitz Metallovert Microscope, E. 
Leitz, Inc.). The general procedure is as fol- 
lows. We first transferred a small drop of a 
suspension to a microscope coverglass, then 
placed another coverglass over it and sealed 
the edges immediately with a water-insoluble 
glue to prevent solvent evaporation. The sus- 
pension was examined under the microscope. 
An oil immersion lens was used to increase 
the resolution. 

To further discern the makeup of the clus- 
ters, we examined slowly dried samples using 
scanning electron microscopy (SEM) with a 

Philips 515. The dried samples were prepared 
by placing a drop of the suspension on the 
SEM holder and allowing the drop to dry 
slowly. 

III. INTERPARTICLE INTERACTIONS 

We have estimated the interaction between 
particles of the ith species and particles of the 
j th  species using the DLVO theory with the 
following form, in CGS units: 

V ( s  o) = VR(sij) + VA(Sij) [1] 

where s o is the surface-to-surface distance 
along the center-to-center line between the 
particles. VA (Sij) is the attraction energy and 
can be approximated as (7) 

-- Ai3 j [ Y 
VA( SIJ) - 1 ~  ~ x  2 -{- x y  + x 

Y + 
x2 + xy  + x + y 

+ 21n , [21 
x 2 + xy  + x + - y  

where x = SiJ2Rj ,  y = Ri /Rj ,  with Ri being 
the radius of the ith species particles and 

m 1/2~t A 1/2 1/2~ 
Ai3j (A]i/2 -- A33 j l ~ j j  - A33 j ,  [3] 

in which Aii is the Hamaker constant of the 
ith species particles and A33 is that of water. 
In the following calculations, we use At1 = 1.2 
× 10 -12 erg for a-A1203, 0.86 × 10 -12 erg for 
SiO2, 0.66 × 10 -12 erg for latex, andA33 = 0.6 
× 10 -12 erg for water. VR(so) is the repulsive 
interaction and can be approximated as 

VR( So) e~i~RiRj = e -K~°, [4] 
Sij + Ri + Rj 

when Ks o ~ 1, where S'i is the ~" potential of 
the ith species particles, e is the dielectric con- 
stant of water, Kis the inverse screening length 
in the Debye-Hfickel approximation, 

K 2 47re2 
- ~kBT ~i ~liz2' [ 5 ]  

where kB is the Boltzmann constant, T the 
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temperature, and ni and zi are the number 
density and charge of the ith species ions in 
the solution. In the following calculations, we 
use 1 × 10-2 M as the electrolyte concentra- 
tion. The 10-2M electrolyte concentration is 
estimated as follows. In the alumina/latex 
system, the estimated value is based on the 
induced couple plasma run on the supernatant 
of Rhoplex AC552, which revealed Na as the 
major electrolyte source with a concentration 
of 380 ppm, which is on the order of 10 -12 
M. In the case of alumina/silica systems, the 
alumina particles are uncoated, and the dis- 
solution of alumina particles in basic solution 
forms ions of aluminum-containing complex 
with a concentration of about 10 -3 to 10 -2 M 
(8). We have also calculated the interparticle 
interactions at 10 -3 M electrolyte concentra- 
tion. All the interactions at 10-3 M electrolyte 
concentrations are essentially the same as 
those at 10 .2 M except that the minimum in 
the alumina-alumina interaction is somewhat 
shallower. 

IV. RESULTS AND DISCUSSION 

For the o~-A1203/latex systems, the experi- 
ments were carried out at pH 8 and at 2 v01% 
(volume percent) a-A1203 particles. The a- 
A1203 particles were stabilized using poly- 
acrylic acid (PAA) of MW 1800. The adsorp- 
tion of PAA on the a-Al:O3 surface has been 
well studied (6). At pH 8, PAA is negatively 
charged while the a-Al203 surface is overall 
positively charged. The opposite sign of the 
charge of PAA causes the adsorption of PAA 
onto the c~-A1203 surface and consequently re- 
verses the sign of the charge on the a-A1203 
particles. At pH 8, the adsorption of PAA on 
the a-A1203 surface is so strong that it barely 
desorbs (6). In our experiment with the a- 
A1203/latex suspensions, we chose the PAA 
concentration at the onset of the plateau of 
the adsorption isotherm. Therefore, the a- 
A1203 particles are covered with the saturated 
amount of PAA, while there is no excess PAA 
in the suspensions. Under such conditions, the 
PAA-covered a-A1203 particles have a ~ po- 

tential of -40 mY. The latex particles have a 
~'potential o f - 6 0  mV. As we have mentioned 
above, the adsorption of PAA on the ot-A1203 
surface is very strong and one can regard a 
PAA-covered a-A1203 particle as a unity. This 
point is further supported by the result of the 
infrared (IR) reflectance studies which showed 
that the mixing of the PAA-covered a-A1203 
particles with the latex particles did not result 
in any shift in the IR spectrum of the PAA- 
covered oz-A1203 particles or in that of the latex 
particles. Therefore, the transfer of the surface 
additives from one species of particles to an- 
other (i.e., PAA from c~-A1203 to latex and the 
surfactant from latex to ot-A1203) is minimal 
in our experiments. Below, we will simply refer 
to the PAA-covered c~-A1203 particles as "a- 
A1203 particles" for convenience. 

Samples were prepared by adding latex par- 
tides of various concentrations to suspensions 
of 2 vol% o~-A1203. The excess H20 was then 
evaporated to keep ~-A1203 particles at 2 vol%. 
Each suspension was ultrasonicated to ensure 
uniform mixing prior to examination under 
the microscope. 

The calculated interparticle interaction 
energies in the a - A 1 2 0 3 / l a t e x  suspensions are 
shown in Fig. 1, where the interaction energies 
are in units ofkaT, where Tis the room tem- 
perature. One can see that the interactions be- 
tween latex particles and between the latex 
particles and the a-A1203 particles are basically 
repulsive since in both curves the second min- 
imum is very shallow compared to kBT, and 
that the barrier before the primary minimum 
is very high. The interaction between c~-A1203 
particles also has a high barrier before the pri- 
mary minimum, so that a primary-minimum 
type of flocculation between a-A1203 particles 
is practically prevented. However, the depth 
of the second minimum is about 1 kaT. 
Hence, under the experimental condition, the 
a-A1203 particles are weakly attractive and 
may be induced to flocculate by some repul- 
sive species such as the latex particles since the 
energetic conditions of the c~-A1203/latex sus- 
pension are very similar to those of the sim- 
ulations from Ref. (4). 
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FIG. 1. V(s) vs s for the c~-A1203/latex system at pH 8 
where V(s) is the interparticle interaction energy in units 
of kBT and s is the interparticle surface-to-surface distance 
along the center-to-center line. The ~" potential for the a- 
A1203 particles is -40 mV and that for the latex particles 
is -60 mV. The radius of the latex particles is 0.1 ~m and 
that of the a-A1203 is 0.32 #m. The electrolyte concentra- 
tion is taken to be 1.0 × 10 -2 M. Note that the a-Al~O3 
particles in this case are coated with PAA. 

As an example o f  the s table-f locculat ion-  
restabilization transit ion in a particle-particle 
system, we have plotted in Fig. 2 the floc size 
o f  the c~-A1203/latex suspensions after 15 min  
o f  aging versus the concentra t ion o f  latex par- 
ticles. The  concent ra t ion  o f  the a-A1203 par- 
ticles is kept at 2 vol%. When  the latex particles 
were added to the initially dispersed c~-A1203 
suspensions, the stability o f  the a-A1203 par- 
ticles was unaffected up to about  15 vol% o f  
latex particles. The a-A1203 particles started 
to flocculate as the concentra t ion o f  latex par- 
ticles rose above 15 vol%. The cluster size in- 
creased until it reached a m a x i m u m  at about  
30 vol% o f  latex particles and  then gradually 

decreased as the concentra t ion o f  the latex 
particles was further increased. Finally, when 
the latex concentra t ion was above about  58 
vol%, the a-A1203 particles became dispersed 
again. Examples ofmicros t ruc tures  o f  the sus- 
pensions in the stable, flocculated, and resta- 
bilized regimes are shown in Figs. 3a-c.  The 
latex particles do not  show in the micrographs 
due to their small size and rapid Brownian 
motion.  However,  in the experiments, one can 
actually see the latex particles under  the optical 
microscope. In  all the experiments, the latex 
particles remained stable, i.e., well separated 
and uni formly  distributed throughout  the sus- 
pension, indicative o f  the repulsive interaction 
between the latex particles as a result o f  the 
high ~" potential,  as we have shown in Fig. l. 
Figures 3a and c show the microstructures in 
the stable and the restabilized regimes, re- 
spectively. In these regimes a-A1203 particles 
were well separated and uniformly distributed 
th roughout  the suspension, with each particle 
exhibiting Brownian motion.  Figure 3b shows 
a typical microstructure o f  a suspension in the 
flocculated regime where clusters o f  a-A1203 
particles were visible. Within the clusters, par- 
ticles are frozen. Furthermore,  the cluster size 
varied with the latex concentra t ion in the floc- 
culated regime, as shown in Fig. 2; therefore, 

60 

ol 
0 

4O 

2O 

d 

I i E 

I k •  I 
40 80 

latex concentration (vol. %) 

FIG. 2. Cluster size as a function of concentration of 
latex particles (a-A1203 particles are kept at 2 vol% ). The 
units of the clusters are arbitrary. All the data points are 
taken after 15 min of suspension aging. 
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FIG. 3. Microstructures of suspensions in (a), (b), and (c) correspond to micrographs of suspensions in 
the stable, flocculated, and restabilized regimes. The scale shown in (c) also applies to the other micrographs 
in this figure. 

the microstructures looked different at differ- 
ent latex concentrations. On the contrary, no 
discernible microstructural difference was ob- 
served as a function of  the latex concentration 
in the stable and the restabilized regimes. 

Although the "short- t ime" microstructures 
look the same in the stable and the restabilized 
regimes, we found that the kinetic behavior in 
the restabilized regime at high latex concen- 
trations was very different from that in the sta- 
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ble regime at low latex concentrations. In the 
stable regime, particles move vigorously, and 
we did not observe any change in the suspen- 
sions with time, whereas, in the flocculated 
and, especially, in the restabilized regimes, 
particles become less mobile or motionless and 
the microstructures of  the suspensions change 
with time. Moreover, the growth of clusters of  
a-A1203 particles was slower for suspensions 
of  higher latex concentrations. For example, 



C L U S T E R I N G  O F  B I N A R Y :  E X P E R I M E N T  363 

it took longer for the restabilized suspension 
with 70 vol% of latex particles to form clusters 
than the suspension with 58 vol% of latex par- 
ticles. The slow flocculation rate at high par- 
ticle 2 concentrations is consistent with the 
observed slowing of particle movement. 

The observation of the aging effect in the 
flocculated and the restabilized regimes indi- 
cates that the restabilization of a-A1203 par- 
ticles is due to slow kinetics, not to thermo- 
dynamics. The slowing of the flocculation rate 
of ~-A1203 particles at higher latex concentra- 
tions is due to the hindrance of particle move- 
ment. To further clarify this point, we have 
also done experiments on the c~-A1203/8iO2 
suspensions under similar conditions, i.e., the 
interaction between o~-A1203 particles is at- 
tractive and the rest of the interactions (SiO2/ 
SiO2, c~-A1203/SiO2) are repulsive. The details 
of the experiments are as follows: 2 vol% o~- 
A1203 suspensions were mixed with different 
concentrations of SiOz particles. The prepa- 
ration method was similar to the experiment 
illustrated in Fig. 1, except that in the c~-A1203/ 
SiO2 experiment, the suspensions were pre- 
pared electrostatically at pH 9; that is, PAA 
was n o t  used in this system. At pH 9, SiO2 
particles are highly repulsive, i.e., with a ~" po- 
tential of nearly -110  mV and very stable. On 
the other hand, o~-A1203 particles have a low 
~" potential o f -  10 mV at pH 9 and are highly 
flocculated even at 2 vol% concentration. 

The calculated interparticle interactions of 
the a-A1203/SiO2 system are shown in Fig. 4. 
One can see that, again, the interaction be- 
tween the SiO2 particles and the o~-A1203 par- 
ticles is practically repulsive. The interaction 
between the o~-A1203 particles is extremely at- 
tractive due to the vanishing of the repulsive 
barrier before the primary minimum, so that 
the a-A1203 particles can be highly flocculated 
even at a very low concentration. With the o~- 
A1203/SiO2 system, we were able to study the 
restabilization regime (the right-hand half of 
Fig. 2) more closely. Figure 5 shows the cluster 
size in the ~-A1203/SiO2 suspensions as a 
function of SiO2 concentration after 15 min 
of aging. Without SiO2 particles, the 2 vol% 
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s ( r i m )  

FIG. 4. V(s) vs s for the a-A1203/SiO2 system at pH 9 
where V(s) and s are the same as in Fig. 1. The ~'potential 
of  the o~-A1203 particles is - 1 0  mV and that of  the SiO2 
particles is -110  mV. The radius of  the c~-A1203 particles 
is 0.32 ~zm and that of  the SiO2 particles is 0.37/zm. The 
electrolyte concentration is taken to be 1.0 × 10 -2 M. 
Note that the o~-A1203 particles in this case are not coated 
with PAA. 

a-Al203 suspension was highly flocculated, as 
mentioned, and the cluster size decreased as 
the SiO2 particles were added to the suspen- 
sion. The aging effect in the restabilized regime 
is shown in the insert in Fig. 5, where the clus- 
ter size at 48 vol% SiO2 is shown to increase 
with time. 

To illustrate that the clustering occurs 
mainly among the a-A1203 particles, examples 
of SEM micrographs are shown in Figs. 6a 
and b. Figure 6b is a blowup of part of Fig. 
6a. The sample was dried from a drop of a 
suspension consisting of 2 vol% c~-A1203 and 
5 vol% SiO2. One can see that (i) SiO2 particles 
(spheres) and o~-A1203 particles (irregularly 
shaped) do not mix and (ii) clustering occurs 
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FIG. 5. Cluster size of a-A1203 particles at pH 9 as a 
function of SiO2 concentration after 15 min of suspension 
aging (points a-d) and at different times (points d-d"). 
The insert shows the cluster size as a function of time at 
48 vol% SiO2 (points d-d"), a-A1203 particles are kept at 
2 vol%. The units of the clusters are arbitrary. 

mainly among the o~-A120 3 particles, as evi- 
denced in both Figs. 6a and b. 

The microstructures of the suspensions at 
various SiO/concentrations and at different 
times are shown in Figs. 7a-d". Figure 7a il- 
lustrates the state of flocculation of a 2 vol% 
o~-AlzO3 suspension at pH 9, where large clus- 
ters form almost instantly. In Figs. 7b and c, 
where the suspensions have 10 and 20 vol% 
SiO2 particles, respectively, the cluster size de- 
creased. In Fig. 7d at 48 vol% SiOz, the a- 
A1203 clusters almost disappeared. Figures 7d' 
and d" show the microstructures of oz-A1203 
clusters at 48 vol% SiO2 particles after 1 and 
3 days of aging, respectively. As in the o~- 
A1203/latex system, the particle movements 
become slower in the restabilized regime at 
high SiO2 concentrations. It is clearly seen that 
clusters of a-AlzO3 particles grow from the 

FIG. 6. SEM micrographs of a dried sample from a sus- 
pension of 2 vol% ~-A1203 and 5 vol% SiO2. The SEM 
sample was prepared by placing one drop of the suspension 
on the SEM sample holder and allowing the drop to dry 
slowly. (a) Low-magnification micrograph, (b) blowup of 
part of (a). Note that clustering occurred mainly among 
a-AlzO3 particles (irregularly shaped) and that the SiO2 
particles and the a-A1203 particles do not mix. The average 
radius of the SiO2 particles in 0.37 ~m and that of the c~- 
A1203 particles is 0.32 gin. 

FIG. 7. Microstructures of the suspensions in Fig. 5. (a) 0 vol% SiO2, (b) 10 vol% SiO2, (c) 20 vol% SiO2, 
(d) 48 vol% SiO2, (d') suspension in (d) after 1 day of aging, (d") suspension in (d) after 3 days of aging. 
The scale shown in (d") also applies to other micrographs in this figure. 
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initially restabilized suspensions. It is worth 
noting that in all SiO2 concentrations, SiO2 
particles are visible in the micrograph as well- 
separated and uniformly distributed particles 
in the background, again indicating the re- 
pulsive interaction between SiO2 particles 
throughout all SiO2 concentrations. 

The aging phenomenon  observed in the 
seemingly restabilized region in a binary-par- 
ticle system such as the a-A1203/latex system 
or the c~-A1203/SiO2 system was also observed 
in a par t ic le-polymer system, specifically 
PAA-coated a-A1203 particles with free PAA. 
In the following, we will again refer to the 
PAA-coated a-A1203 particles simply as a-  
A1203 particles for convenience. The a-A1203 
particles are kept at 2 vol% and the pH at 8. 
Here the PAA-covered ot-A1203 particles are 
negatively charged and have a ~" potential of  
- 40 mV. The PAA is also negatively charged. 
Figure 8 shows the cluster size of  the a-A1203 
particles after 2 min  of  aging as a function of  
the free PAA concentration. The peak in the 
cluster size as a function of PAA concentra- 
tion, c, is as expected for a part icle-polymer 
system. However, Fig. 8 also shows the aging 
effect in the high PAA concentration region 
where initially the cluster size is small. The 
clusters grow at a later t ime in the seemingly 
restabilized regime, similar to the observation 
of  a binary-particle system. The insert in Fig. 
8 shows the cluster size at c = 21.6 wt% as a 
function of  time. The microstructures of  the 
a-A1203/PAA system at various points of  Fig. 
8 are shown in Figs. 9a-c  ~ where Fig. 9a cor- 
responds to point a in Fig. 8, Fig. 9b to point 
b in Fig. 8, and so on. The slow flocculation 
rate in the seeming restabilization regime is 
also due to slow particle movemen t  at high 
PAA concentrations. Even though the PAA is 
charged in our experiment, the charge may  
change the onset concentration but should not 
make much  difference in the overall behavior 
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FIG. 8. Cluster size vs free PAA concentration. A1203 
particles are kept at 2 vol%. The cluster size was measured 
after 2 min of aging. The insert shows the cluster size as 
a function of time at c = 21.6 wt% (points c - c"). 

at high concentrations. The aging we observed 
with PAA at high concentrations should also 
occur in a neutral polymer solution. The rea- 
son is as follows. In dilute solutions, the con- 
formation of a PAA chain is more extended 
due to the long-ranged Coulomb repulsion 
between monomers  and is therefore different 
f rom that of  a neutral polymer of  the same 
molecular weight. However, at high concen- 
trations such as those in our experiment, 
the long-range Coulomb repulsion between 
monomers  is screened by the counterions re- 
leased by the monomers  and also by the pres- 
ence of other monomers .  The in termonomer  
interaction is therefore short-ranged as in a 
neutral polymer  solution and the conforma- 
tion of  a polyelectrolyte chain is no longer ex- 
tended but rather more like that of  a neutral 
polymer at high concentrations (9).  

V. S U M M A R Y  

In summary,  we have shown experimentally 
that in binary colloidal suspensions, as the 

FIG. 9. Microstructures of suspensions at different free PAA concentrations. (a) corresponds to point a 
in Fig. 8 and (b) to point b in Fig. 8, and so on. The scale shown in (c") also applies to other micrographs 
in this figure. 
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colloidal particles of  the second kind, e.g., latex 
or SiO2, with repulsive (or less attractive) in- 
teractions were added to suspensions of  par- 
ticles of  the first kind, e.g., c~-A1203, with 
weakly attractive interactions, the first kind of  
particles go through a stable-flocculation-re- 
stabilization transition as the concentration of  
particles of  the second kind is increased, sim- 
ilar to what is observed in particle-polymer 
systems when the polymer concentration is 
increased. The underlying mechanism for the 
seeming restabilization at high particle 2, i.e., 
latex or SIO2, concentrations is attributed to 
slow kinetics at high densities and not to ther- 
modynamics. Here, by slow kinetics we mean 
slow particle movements, which are observable 
under an optical microscope. Our observation 
is in agreement with the simulation of Ref. 
(4) where with similar energetic conditions, 
i.e., E11 < 0, El2, and E22 > 0, it was shown 
that slow particle movements give rise to the 
seeming restabilization at high particle con- 
centrations. Thus, the peak in the flocculation 
rate (Fig. 2) is only the manifestation of slow 
kinetics at higher particle concentrations. In 
the work reported in Ref. (4),  the free energy 
of the binary-particle systems was also calcu- 
lated and showed that the underlying equilib- 
rium state for flocculation (including the 
seemingly restabilized states) is phase sepa- 
ration. Therefore, the flocculated state is really 
a result of  a kinetic effect and the nonequilib- 
rium manifestation of phase separation. 

Furthermore, for the particle-polymer sys- 
tem we studied, the a-A1203/PAA system, 
similar aging phenomena occur in the seeming 
restabilization region at high PAA concentra- 
tions and the aging is also associated with slow 
particle movement.  Although the work cited 

in Ref. (2) also suggested that the restabili- 
zation at high polymer concentrations is due 
to kinetics for polymer-particle systems, the 
slow flocculation kinetics is due to the growth 
of  the repulsive barrier in the effective inter- 
particle interaction with polymer concentra- 
tion rather than the slowdown of the particle 
movements as we have observed in the present 
systems. Thus, our observation of aging in 
both the binary-particle system and the a- 
A1203/PAA system illustrates that slow par- 
ticle movements at high densities are also a 
possible cause for the depletion stabilization 
of a particle-polymer system, at least for sys- 
tems whose conditions are similar to ours. 
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