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Polymer depletion-driven cluster aggregation and initial phase separation
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We study polymer depletion-driven cluster aggregation and initial phase separation in aqueous
dispersions of charge-stabilized silica spheres, where the ionic strength and polymer �dextran�
concentration are systematically varied, using dynamic light scattering and visual observation.
Without polymers and for increasing salt and colloid content, the dispersions become increasingly
unstable against irreversible cluster formation. By adding nonadsorbing polymers, a
depletion-driven attraction is induced, which lowers the stabilizing Coulomb barrier and enhances
the cluster growth rate. The initial growth rate increases with increasing polymer concentration and
decreases with increasing polymer molar mass. These observations can be quantitatively understood
by an irreversible dimer formation theory based on the classical Derjaguin, Landau, Verwey, and
Overbeek pair potential, with the depletion attraction modeled by the Asakura–Oosawa–Vrij
potential. At low colloid concentration, we observe an exponential cluster growth rate for all
polymer concentrations considered, indicating a reaction-limited aggregation mechanism. At
sufficiently high polymer and colloid concentrations, and lower salt content, a gas-liquidlike
demixing is observed initially. Later on, the system separates into a gel and fluidlike phase. The
experimental time-dependent state diagram is compared to the theoretical equilibrium phase
diagram obtained from a generalized free-volume theory and is discussed in terms of an initial
reversible phase separation process in combination with irreversible aggregation at later times.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3141984�

I. INTRODUCTION

Mixtures of colloids and polymers show interesting
equilibrium and nonequilibrium phase behavior.1 In thermal
equilibrium, the system may macroscopically phase separate
into a dilute fluid and a dense fluid or crystalline colloid
phase.2 This is similar to coexisting gas and liquid or crys-
talline phases in molecular systems. However, in many situ-
ations, colloid-polymer mixtures form dynamically arrested
colloidal structures out of equilibrium such as clusters, gels,
or glasses. Gels and glasses are noncrystalline, solidlike, and
long-living macroscopic structures. Equilibrium and non-
equilibrium processes have been studied in the past mainly
as two well distinct phenomena. However, more recent ex-
periments on colloid-polymer mixtures point to a connection
between the spinodal line of the equilibrium phase diagram
and the gelation boundary.3–7 In fact, strong evidence has
been given that spinodal decomposition induces gelation in
neutral colloid-polymer mixtures with small polymer-to-
colloid size ratios q.8 Whether the onset of gelation is gov-
erned by equilibrium phase separation also at larger q, and
for charged colloids at low salinity, has not been explored to
date.

Using mode-coupling theory, attempts have been made
to explain the gelation process in dense systems by a dy-
namical arrest.9,10 Recently, a kinetic model was used to

study the link between gas-liquid demixing and cluster ag-
gregation phenomena for low colloid volume fractions.11

However, no common understanding or overall theoretical
description explaining the gelation process has been
achieved to date.12

In this work, we investigate the aggregation and demix-
ing of mixtures of nanosized Ludox silica particles and dex-
tran polymers in �salty� water. The colloidal particles interact
by a short-ranged van der Waals �vdW� attraction and a
screened Coulomb repulsion. By varying the salt concentra-
tion, we have tuned the Coulomb repulsion and thus, the
colloid cluster aggregation rate. The polymer chains add an
additional effective attraction to the colloids by the well-
known depletion mechanism.13–15 The range of the
depletion-induced attraction can be tuned by the polymer
molar mass. We focus here on the effect of long-ranged
depletion-induced attractions, where 0.49�q�2.6. For
these q-values a �stable� gas-liquid phase coexistence ap-
pears in equilibrium. Thus, our system offers the opportunity
to study systematically the interplay between phase separa-
tion and cluster aggregation of charged colloids by varying
the salt and polymer concentrations, cs and c, respectively,
and the colloid volume fraction �. In our system, the gas-
liquid demixing is mainly caused by the polymer-induced
depletion attraction, whereas the cluster aggregation is in-
duced by the vdW forces.

Using dynamic light scattering �DLS�, we study the ini-a�Electronic mail: c.goegelein@fz-juelich.de.
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tial aggregation of dimers as quantified by the collective dif-
fusion coefficient from which the time-dependent cluster size
and the cluster growth rate are deduced. The macroscopic
phase behavior as a function of cs, c and � are studied by
visual inspection. The onset of aggregation is quantified and
analyzed using a dimer formation theory of initial floccula-
tion based on the Derjaguin, Landau, Verwey, and Overbeek
�DLVO� pair potential and the Asakura–Oosawa–Vrij �AOV�
polymer-induced depletion potential. The effective colloid
charge entering the electrostatic part of the pair potential is
the only unknown parameter, which we determine by match-
ing the calculated aggregation rate to the experimental one,
for systems without added polymers. This yields an overall
good description of our experimental observations also in the
case of added polymers. The time-dependent macroscopic
state diagrams at lower salinity are compared to equilibrium
phase diagram calculations for a corresponding model sys-
tem without vdW attraction, using a recently derived ex-
tended generalized free-volume theory �GFVT�.16 As we
shall discuss, this comparison points to an interpretation of
the experimental state diagrams in terms of an initially re-
versible phase separation interfering with a slower aggrega-
tion process. To our knowledge, the present work is the first
quantitative experimental-theoretical study of aggregation
and phase behavior in mixtures of nanosized charged col-
loids and neutral nonadsorbing polymers, where the
polymer-colloid size ratio extends up to 2.6.

Previous experiments explored the stability against clus-
ter aggregation of mixtures of larger charged colloids �latex
spheres� and polyelectrolytes chains for small values q
�0.3, where no stable gas-liquid phase coexistence
occurs.17–21 Since the polymer radius of gyration in polyelec-
trolytes solutions depends strongly on the salt content, a
quantitative description of the depletion-induced attraction is
complicated in these mixtures. In other experimental work,
the colloid aggregation in mixtures of sterically stabilized
latex spheres and neutral polymer chains was investigated
for small values of q.22–24 In these earlier experiments, an
enhanced colloid aggregation rate was observed for increas-
ing polymer concentration and decreasing molar mass. The
data were qualitatively discussed in terms of a simpler dimer
formation theory where hydrodynamic interactions �HIs� be-
tween colloids have been neglected. Petekidis et al.25 inves-
tigated the phase behavior and the kinetics of mixtures of
charged colloids �latex spheres� and wormlike micelles.
Their work was concentrated mainly on the aging �collapse�
of the gel, formed at sufficiently high surfactant and salt
concentrations.

Our paper is organized as follows: Sec. II gives the es-
sentials of the dimer formation theory of Brownian floccula-
tion with depletion attraction included, and the GFVT of
equilibrium phases. Section III includes the sample charac-
terization and describes the evaluation of the DLS data. Our
results are described in Sec. IV. In this section, using DLS
and dimer formation theory, we study first polymer-free
silica dispersions as a function of added salt and colloid con-
centration �Secs. IV B–IV D�. In Secs. IV E and IV F, the
influence of added polymers is studied, for fixed colloid and
salt concentrations, depending on the polymer concentration

and the polymer-to-colloid size ratio. In Sec. IV G, the time-
dependent state diagrams of silica-dextran mixtures are stud-
ied at low salt concentration, and compared to the predic-
tions of the GFVT. Finally, our conclusions are contained in
Sec. V.

II. THEORY

A. DLVO-type description of aggregation kinetics

A colloidal dispersion can be stabilized against aggrega-
tion by a sufficiently strong electrostatic repulsion. This is
made possible by the fact that the vdW attraction acts only at
interparticle distances typically of the order of about 10% of
the particle diameter. The vdW effective potential between
two dispersed spheres is approximately described by26

uvdW�r� = −
AH

6
� 2a2

r2 − 4a2 +
2a2

r2 + ln�1 −
4a2

r2 �� , �1�

for r�2a. Here, r is the center-to-center distance, a is the
radius of a colloidal sphere, and AH is the Hamaker constant.
The vdW potential decays as uvdW�r�	−1 /r6 for large r, and
diverges as uvdW�r�	−�r−2a�−1 near contact distance
r=2a.27 In the classical DLVO theory, the screened electro-
static interparticle repulsion is described by the effective pair
potential

�uel�r� =
Zeff

2 lB

�1 + �a�2

exp�− ��r − 2a��
r

, �2�

for r�2a, with 1 /�=kBT, Bjerrum length lB

=e2 / �4��0�kBT�, effective number of elementary charges,
Zeff, on the colloidal surface, and the Debye screening pa-
rameter �, with

�2 = 4�lB�
Zeff

�

v0
+ 2

NA

Ms
cs +

NA

Mb
cb� . �3�

Here, v0= �4� /3�a3 is the colloid volume, NA is Avogadro’s
number, and Ms and Mb are the salt and buffer molar masses,
respectively. The buffer concentration �mass per volume� is
denoted by cb. The strength of the electrostatic potential part
is quantified by the contact value �	=Zeff

2 lB / ��1+�a�22a�.
The total pair potential of charged colloids in an electrolyte
solution consists thus of the hard-sphere potential, uhs�r�, de-
scribing the excluded volume interaction of two spheres of
diameter 2a, the vdW attraction part, uvdW�r�, and the con-
tribution uel�r� describing the screened electrostatic repulsion
arising from overlapping electric double layers,

uDLVO�r� = uhs�r� + uvdW�r� + uel�r� . �4�

In this paper, the onset of the colloidal aggregation is de-
scribed by the dimer formation theory of Brownian
flocculation.26,28 Here, the characteristic time for doublet for-
mation is estimated to


a =
��a3

�kBT
W , �5�

where W is the stability ratio, obtained from
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W = 2a�
2a

� exp��u�r��
r2G�r�

dr . �6�

Here, � is the solvent viscosity. The derivation of Eqs. �5�
and �6� is summarized in Appendix. The hydrodynamic func-
tion, G�r�, in Eq. �6� quantifies the relative mobility of two
spheres along their line of centers.29 If two impermeable and
smooth spherical particles approach one another with the ve-
locity, v, the liquid in the gap between the two colloids has to
be squeezed out. For r→2a, the pressure in the liquid gap
diverges as �va / �r−2a�2,30 so that G�r� decays to zero as
�r−2a� /a. The two-sphere hydrodynamics described by G�r�
leads thus to an increase in 
a. Aggregation is possible be-
cause the flux due to the interparticle forces, and thus W,
remain finite since the vanishing relative mobility at contact
is balanced by the diverging vdW attraction.

B. Depletion-induced cluster aggregation

Adding nonadsorbing polymers induces an attractive
colloidal interaction, in addition to the vdW attraction. This
so-called depletion interaction can be described at small
polymer concentrations by the AOV model. In this simplify-
ing model, the effective depletion pair potential acting be-
tween two colloids is given by the product of the osmotic
pressure of the polymer solution in the reservoir, 
p

r , and the
excluded volume Vex�r�, e.g., uAOV�r�=−
p

rVex�r�.13–15 The
depletion potential between two colloidal spheres due to the
presence of polymers reads15

�uAOV�r� = −
c

c�

�1 + q�3

q3 �1 −
3r

4�1 + q�a
+

r3

16�1 + q�3a3� ,

�7�

where 2a�r�2�a+Rg�. Here, q=Rg /a is the size ratio be-
tween the polymer radius of gyration, Rg, and colloid sphere
radius. The polymer overlap concentration is estimated by
c�=3M / �4�Rg

3NA�, where M is the polymer molar mass. The
AO model assumes freely overlapping polymers, which are
described as phantom spheres of radius Rg. In fact, the dex-
tran solution is close to its � temperature for the temperature
T=295 K set in our experiments.31 As shown by Gast et al.,2

the AOV model is strictly pairwise additive only for q
�2 /�3−1
0.1547. It follows that using the AOV potential
requires, in principle, an infinitely dilute colloidal dispersion
for larger q. However, the AOV potential description should
still apply for the initial dimer formation process. Effects
arising from the nonideality of the polymer solution, which
are expected to become important at semidilute polymer con-
centrations, could be incorporated in an additional step.

The total colloid pair potential, u�r�, which enters into
our calculation of 
a through Eqs. �5� and �6�, is thus given
by

u�r� = uhs�r� + uvdW�r� + uel�r� + uAOV�r� . �8�

Using this u�r�, the evaluation of W and 
a in Eqs. �6� and
�5�, respectively, is straightforward.

C. Generalized free-volume theory of equilibrium
phase diagram

To compare the experimentally observed nonequilibrium
phase diagrams in colloid-polymer mixtures at lower salinity
with the theoretically predicted equilibrium phase diagram,
we employ here a modification of the GFVT described, e.g.,
in Ref. 16. The original theory addresses mixtures of neutral
colloids and polymers in the semigrand canonical ensemble,
modeling them as colloidal hard spheres in a system volume
V which are in osmotic equilibrium with a reservoir solution
of nonadsorbing free polymer chains.32 Recently, the GFVT
has been extended to describe mixtures of weakly charged
colloidal particles and neutral polymer chains.16 Within the
extended GFVT, the screened electrostatic colloid repulsion
is mapped onto an effective hard-sphere interaction using the
leading-order Barker and Henderson expression,33

a� = a +
1

2
�

2a

�

dr�1 − exp�− �uel�r��� , �9�

where a� is the effective colloid radius. The effective volume
fraction, ��, is then defined by

�� = �a�

a
�3

� = m� . �10�

For the free-volume theory to be applicable, m should be
rather close to one �i.e., m�1.225 �Ref. 34��. The semigrand
canonical free energy density is formulated as

���,y� = f��� − �
0

y

���, ỹ�
��
p

r ��, ỹ�v0

� ỹ
dỹ , �11�

where y=c /c�, and � is the semigrand canonical free energy
density. Moreover, f =�Fv0 /V is the normalized free energy
density of the hard-sphere reference system. The second term
on the right-hand side is the free energy contribution due to
the polymers. For polymers in a �-solvent, the depletion
thickness to colloid size ratio is

qs�q,y� = 0.938�q/�1 + 5.94y2�0.9. �12�

This expression includes colloid curvature effects. The
depletion thickness, h, close to a convexly curved colloid
surface is smaller than at a flat wall. The reduced osmotic
pressure in a semidilute polymer solution can be approxi-
mated by

�
p
r �q,y�v0 = q−3�y + 4.1y3� . �13�

The free-volume fraction appearing in Eq. �11�, namely,
��� ,y�, is approximated by the scaled-particle theory ex-
pression

���,y� = �1 − ��exp�− b1� − b2�2 − b3� − 3b3�2 − 3b3�3� ,

�14�

where �=� / �1−��, �=�� / �1−���, b1=3qs+3qs
2, b2

=9qs
2 /2, and b3=qs

3. The free energy density of the hard-
sphere reference system consists of the ideal gas contribu-
tion, and of the excess contribution modeled by the
Carnahan–Starling free energy density.35 The gas-liquid co-
existence curve �binodal� follows, for a given polymer reser-

204905-3 Aggregation and phase separation in CP mixtures J. Chem. Phys. 130, 204905 �2009�



voir concentration, y, from the equality of the osmotic pres-
sure and chemical potential in the gas and liquid phases.
Likewise, the spinodal line is calculated from the inflection
point of the free energy density, and the critical point follows
from its saddle point.

III. EXPERIMENTAL DETAILS

A. Sample materials

Silica particles �Ludox™ TMA� were kindly provided
by Grace Davison �Worms, Germany�. These amorphous
particles were supplied in a de-ionized aqueous stock disper-
sion of pH=6.9. The dispersion contains a mixture of
5-chloride-2-methyl-2H-isothiazol-3-on and 2-methyl-2H
-isothiazol-3-on with a total volume fraction of 0.0025% to
prevent fungal decay and bacterial growth. The mass density
of the amorphous silica particles is �2.1�0.1� g /cm3, and
was determined from the weight loss when drying a known
amount of dispersion, the colloidal dispersions density, and
the density of water.

Dextran from Leuconostoc with molar masses M =4
�104, 5�105, and 2�106 g /mol, respectively, was pur-
chased from Fluka. The radius of gyration, Rg, of dextran
was estimated, using the results from Ref. 31, as Rg

=0.0633M0.427= �5.8�0.4�, �17�1�, and �31�2� nm, re-
spectively, on assuming a polydispersity of 15%. We note
that the exponent of 0.427�0.5 is indicative of a somewhat
branched chain structure. The polymer overlap concentration
is estimated as c�=3M / �4�NARg

3�, resulting in c�=0.0796,
0.0391, and 0.0265 g /cm3 for M =4�104, 5�105, and 2
�106 g /mol, respectively. The mass density of dextran is
1.637 g /cm3.36 To ensure that dextran does not adsorb on
the silica-water interface and to increase the colloidal stabil-
ity, an ammonium-chloride buffer has been used. The buffer
concentration, cb, was set to 0.02 mol/l with pH=9.2�0.1,
and the ionic strength was varied by adding sodium chloride
�Sigma-Aldrich�. The aqueous Ludox dispersion was dia-
lyzed against the ammonium-chloride buffer solution for 2
weeks. For all solutions, the aqueous medium was taken
from a Millipore ultraclean facility. All solutions where prop-
erly sealed to prevent evaporation of the dissolved ammonia.
To avoid bacterial growth, N-methylisothiazolon-HCl
�Chemos, Regenstauf, Germany� was added at a volume
fraction of 0.0025%. Furthermore, the silica-containing dis-
persion was stored in plastic containers to prohibit wall-
induced aggregation occurring in glass containers. The
samples have been prepared from stock solutions to ensure
rapid mixing of the polymer and the colloidal solutions. For
this purpose, the dextran powder was dissolved in a buffer
solution containing already the desired sodium chloride con-
centration. Stirring the polymer solution was avoided to pre-
vent disrupting the polymer chains. Shortly before the
samples were prepared, the dialyzed Ludox dispersion was
mixed with a proper amount of a high concentrated sodium
chloride solution �1 mol/l�. Afterward, the desired colloid-
polymer mixture was prepared by adding proper amounts of
the colloidal stock solution, the polymer solution, and the
salt-containing buffer solution. The suspension was then
gently mixed.

B. Experimental techniques and sample
characterization

DLS experiments were performed on an ALV/CGS-8F
S/N 060 laser goniometer system �ALV, Langen, Germany�,
using a 22 mW helium Neon laser �JDS Uniphase, Milpitas,
USA� and a single avalanche photodiode detector. The tem-
perature was set to T=295 K in all our DLS measurements.
Samples containing the colloidal dispersion only were fil-
tered through a 0.45 �m pore-size Nylon filter �Roth,
Karlsruhe, Germany� to remove dust. Mixtures of colloids
and polymers were filtered with Cameo Nylon filters of pore
size 5.0 �m. For DLS measurements, the solutions were
filled into cylindrical glass cells �Hellma, Müllheim, Ger-
many� of 10 mm diameter. All samples where sealed with
Teflon tape.

1. Colloidal particle size and polymer radius
of gyration

The radius of the silica spheres was determined from the
measured diffusion coefficient, for various colloid concentra-
tions and at a salt concentration of cs=0.15 mol / l. For each
scattering angle, �, the normalized intensity autocorrelation
function,

g�2��t� =
�I�0�I�t��
�I2�0��

, �15�

was determined. The normalized autocorrelation function of
the scattered electric field,

g�1��t� =
�E� ��t� · E� �0��

�
E� �0�
2�
, �16�

was deduced from the Siegert relation,37

g�2��t� = 1 + �g�1��t��2. �17�

In a dilute suspension of uncorrelated monodisperse spheri-
cal particles, the field autocorrelation function decays single
exponentially according to

g�1��t� = fc exp�− �t/
�� , �18�

where fc�1 is the coherence area factor limited by the ap-
plied optics.

In a dilute sample, the relaxation time, 
, of density fluc-
tuations of wavelength 2� /k is related to the single-sphere
diffusion coefficient, D0, by 1 /
=D0k2, where k
= �4�n /��sin�� /2� is the scattering wave number of laser
light of vacuum wavelength � in a medium of refractive
index n. Our Ludox particles are not ideally monodisperse so
that a superposition of exponential functions is measured.
For simplicity, we globally describe this superposition by the
Kohlrausch–William–Watts �KWW� stretched-exponential
expression,

g�1��t� = fc exp�− �t/
��KWW� , �19�

with a stretching exponent, �KWW, that characterizes the
overall size polydispersity.38 The mean relaxation time is
then given by �
�KWW= �
 /�KWW���1 /�KWW�, where � is the
gamma function. On plotting �
�KWW versus k2, D0 can be
deduced. From D0, in turn, the hydrodynamic particle radius,
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R0, is determined using the Stokes–Einstein relation D0

=kBT / �6��0R0�. The solvent viscosity, �0, of water at T
=295.15 K is taken from the literature as
�0=0.959 mPa s.39

In Fig. 1, the measured collective diffusion coefficient of
nonaggregated silica spheres is plotted for samples of vary-
ing volume fractions, �, determined by a low-� extrapola-
tion. The line represents a fit to the expression

D��� = D0�1 + kd�� , �20�

which is the low-density form of the collective diffusion co-
efficient, D���, applicable for a sufficiently large value �a.40

For �=0, the single-particle coefficient D0 is recovered.
From our fits, we have obtained D0= �1.214�0.001�
�10−11 m2 s−1. Using the single-particle Stokes–Einstein re-
lation, the hydrodynamic radius of the silica particles is ob-
tained as R0= �18.6�0.1� nm. For the first virial coefficient,
we find kd=3.2�0.2. Without HIs,

kd = − 24��
0

�

dxx2�exp�− �u�x�� − 1� , �21�

where x=r / �2a�. Since the negative-valued HI correction to
kd is quite small for the large salt content considered
here,40–42 a positive value of kd indicates that u�r� is practi-
cally repulsive. For a hard-sphere dispersion, a smaller coef-
ficient, kd=1.454,40 is obtained as in the system considered
here. A transmission-electron-microscope �TEM� picture of
silica particles is shown in Fig. 2�a�, and the histogrammatic
size distribution in Fig. 2�b�. From this histogram, we deduce
the mean particle radius �a�= �12�2� nm, the standard de-

viation �=4.4 nm, and the z-averaged particle radius,

�a�z =
�iai

6p�ai�
�iai

5p�ai�
, �22�

of value �a�z= �14�2� nm. Here, p�ai� is the statistical
weight for particles of bin radius ai and the sum extends over
all equally spanned bins. The value for �a�z is slightly
smaller than the hydrodynamic radius, R0= �18.6�0.1� nm,
obtained by DLS. It is common to find quite different values
for the mean radius by TEM and DLS.43–45 The Ludox par-
ticles are made of amorphous silica material so that they may
shrink when the suspension is dried to make TEM pictures.
In principle, our measurements could be influenced also by
electrokinetic effects. However, �a in our samples is typi-
cally much larger than 1 so that electrokinetic effects arising
from the dynamics of electric double layers are expected to
be small. In the following, we use the mean radius obtained
by TEM in all our model calculations. Note that for nota-
tional simplicity, we will denote the mean colloidal sphere
radius �a� by a in the following. For the employed M =4
�104, 5�105, and 2�106 g /mol, the polymer-to-colloid
size ratio is q=0.49�0.03, 1.4�0.1, and 2.6�0.2,
respectively.

Right after sample preparation, an angular-dependent
DLS measurement was made for each sample. The so-
obtained initial diffusion coefficient, D�t=0�, of silica par-
ticles which have not yet aggregated was then used as a
normalization factor in all subsequent time-dependent DLS
measurements. All measurements were made for a fixed scat-
tering angle of �=60°.

In nondilute samples, we use the single-particle Stokes–
Einstein relation, D�t�=kBT / �6��0R�t��, to determine an ef-
fective �for ��0 or t�0� hydrodynamic radius, R, from the
experimentally observed effective collective diffusion coeffi-
cient. The so-obtained effective value of R�t� should be in-
terpreted as an effective hydrodynamic radius46 deduced
from an effective collective diffusion coefficient, D�t�, of a
nonequilibrium system, which in an average way includes
the influence of the �growing� cluster size, an average over
the cluster orientations, and also cluster-cluster correlation
effects. All samples examined by the DLS measurements
were transparent right after mixing. With increasing reaction
time, the samples became slightly turbid, indicating the for-
mation of larger clusters or gelation. However, in the present
work we focus on the initial stage of aggregation �dimeriza-
tion�, where the samples at low � are transparent and mul-
tiple scattering can be safely neglected. From separate mea-
surements of the scattered intensity of a pure polymer
solution �c /c�=0.84, M =5�105 mol / l� and a pure colloid
suspension ��=0.01�, we find that the polymers contribute
less than 2% to the total scattered intensity in the colloid-
polymer mixture. Thus, the polymer scattering contribution
is neglected in our data evaluation.

2. Viscosity of the polymer solution

To account for the increase in the effective viscosity of
the colloid dispersion with increasing polymer concentration,
the shear viscosity, �, of pure Dextran solutions has been
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FIG. 1. Measured collective diffusion coefficient, D, obtained by DLS as a
function of the silica particle volume fraction, �, for a salt concentration of
cs=0.15 mol / l.

FIG. 2. �a� TEM picture of a dried Ludox particles dispersion. �b� Size
distribution of Ludox particles observed from image analysis. The mean
particle radius is �a�= �12�2� nm �see text for details�.
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measured using an Ares 4LS1 rheometer �TA Instruments,
USA� with a Couette cell of 17 mm inner diameter. The
polymer was diluted in the pure buffer solution without salt.
In Fig. 3, the measured viscosity of the dextran solution is
shown as a function of the reduced density of polymer coils,
for molar masses of M =4�104, 5�105, and 2
�106 g /mol, respectively. As expected, � is a function of
y=c /c� only, independent of the molar mass. The solid curve
is a fit to the cubic expansion,47

��y� = �0�1 + �1y + �2y2 + �3y3� , �23�

with �1=3�1, �2=0.7�0.6, and �3=0.43�0.07. The ex-
perimentally observed viscosity of the pure buffer solution,
��y=0�= �1.0�0.2��10−3 Pa s, is in good agreement with
this value. A NaCl concentration of 0.5 mol/l increases the
�pure� solvent viscosity only slightly to �1.1�0.2�
�10−3 Pa s. This small increase is neglected in the follow-
ing analysis.

3. Evidence that dextran does not adsorb
at the silica-water interface

To investigate whether dextran adsorbs at the silica
sphere surfaces, we prepared a dispersion of Ludox silica
particles and mixed it with dextran solutions of varying con-
centration. The samples were mixed thoroughly and stored
for 24 h at room temperature to allow them to equilibrate
before the measurements were conducted. All samples con-
tain an ammonium-chloride buffer of concentration cb

=0.02 mol / l and pH=9.2�0.1. The volume fraction of Lu-
dox was fixed to �=0.005. Figure 4 displays DLS measure-
ments on the Ludox-dextran mixtures at varying salt concen-
trations. As shown, the collective diffusion coefficient, D,
and, likewise, the hydrodynamic radius, R, are not affected
upon increasing the polymer concentration. If the polymers
would adsorb, one would expect instead a significant de-
crease of D and, conversely, an increase in R due to the
enlarged hydrodynamic friction caused by adhering chains.
Thus, we conclude that dextran does not adsorb on the Lu-
dox particles at pH=9.2�0.1, in agreement with previous
findings for silica spheres.49–51

IV. RESULTS AND DISCUSSION

A. Cluster-aggregation in pure silica dispersions

We first explore aqueous suspensions of silica particles
without added polymers. Earlier studies used colloidal
batches different from ours in terms of the particle size and
densities, and with different solvent conditions.52–57 Our light
scattering data on the pure silica-water system discussed in
the following serve as the basis to study the additional influ-
ence of added polymers on the cluster aggregation rate.

B. Effect of the salt concentration
on the aggregation rate

In Fig. 5, the time-resolved effective collective diffusion
coefficient, D�t�, of a polymer-free silica sphere dispersion at
�=0.01 and pH=9.2, was measured over several hours and
for various salt concentrations cs. The plotted diffusion coef-
ficient is normalized by the single-particle diffusion coeffi-
cient D0. As can be seen, the time evolution of D�t� depends
strongly on cs. With increasing cs, D decays faster to zero,
which is indicative of a more quickly growing cluster size of
aggregates. This observation is explained by the salt-induced
screening of the colloid charges. The electrostatic repulsion
decreases with increasing cs so that the particles can over-
come the reduced Coulomb barrier more easily during a col-
lision event, leading to the formation of dimers, trimers, and
so on. With growing reaction time, increasingly larger aggre-
gates are observed, consisting of several silica particles
�monomers�. As a consequence, the effective diffusion coef-
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FIG. 3. �Color online� Shear viscosity of a pure dextran solution as a func-
tion of the reduced concentration of polymer coils, c /c�, for three different
molecular weights �see legend� at T=295 K. The solid curve is a fit to the
experimental data �see text�.

FIG. 4. �Color online� Left: Collective diffusion coefficient, D, of a Ludox
silica dispersion at �=5�10−3 as a function of added dextran concentration,
c, �M =5�105 g /mol�, for cs=0, 0.1, and 0.2 mol/l, respectively. Right:
Effective hydrodynamic radius, R, obtained from the single-particle Stokes–
Einstein relation using �0=0.959 mPa s. The lower scale of the abscissa
gives the polymer surface concentration, �p, that would result if all poly-
mers did adsorb on the surface of the silica particles. As a rule of thumb, the
surface is completely covered when �p�1 mg /m2 �Ref. 48�.
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FIG. 5. �Color online� Normalized measured time-dependent �effective� col-
lective diffusion coefficient of Ludox spheres as a function of the elapsed
time after sample preparation, for varying cs �see legend� and �=0.01.
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ficient of the colloid aggregates decreases, and likewise, the
effective cluster hydrodynamic radius, R, increases with
time.

In Fig. 6, the logarithm of the reduced effective hydro-
dynamic radius is plotted as a function of the time elapsed
after sample preparation, for a series of samples with cs

�0.3 mol / l. For all salt concentrations considered, a linear
relation for initial times is observed within the logarithmic-
linear plot. From this, we conclude that the initial cluster
growth of the charged colloids is caused by an irreversible
reaction-limited aggregation �RLA� process, for which the
effective hydrodynamic radius scales in time as R
	exp�t /
a�. For cs=0.5 and 0.6 mol/l, a second and faster
developing exponential cluster growth regime is observed at
later times. This regime can be attributed to a faster irrevers-
ible reaction-limited cluster aggregation mechanism, which
sets in once the clusters have consumed most of the mono-
mers in their surroundings.

The initial aggregation time, 
a, deduced in Fig. 6 from
the linear fit to the short-time data points, is shown in Fig. 7
as a function of cs. It can be noticed that 
a depends sensi-
tively on cs. Increasing cs from 0.15 to 0.6 mol/l, reduces 
a

from several weeks down to half an hour. Note here that the

a depicted for cs=0.15 mol / l has been monitored by
angular-dependent DLS over a period of 16 days.

C. Theoretical description of the aggregation rate

The initial aggregation process can be described by the
dimer formation theory introduced in Sec. II A and outlined
in Appendix. A polymer-free dispersion of silica particles is
described by substituting u�r��uDLVO�r� in Eq. �6�, using a
Hamaker constant of AH=0.8�10−20 J.58 The only unknown
parameter in uDLVO�r� is the effective charge number. For
consistency, we have determined Zeff in Eqs. �2� and �3� by
matching 
a, calculated according to Eq. �5�, to the experi-
mental values given in Fig. 7. Since the major contribution to
the integral in Eq. �6� stems from the vicinity of the maxi-
mum in u�r�, we can use a lower cutoff radius a+	. Values
of 	 in between 0.1 and 0.2 nm have been employed.26 In the
present system of highly screened nanosized particles, the
maximum in uDLVO�r� occurs at subnanometer distances.
Hence, for a+	, we selected the radial distance r0, where
uDLVO�r� crosses zero close to contact. The effective charge
number, Zeff, obtained by this matching procedure is plotted
in Fig. 8 as a function of cs. In Fig. 9, the corresponding pair
potential is presented. The increase in Zeff with increasing cs

conforms to the lowering of counterion condensation caused
by enlarged screening.59 Table I contains the numerical val-
ues characterizing the pair potential. The location of the
maximum �Coulomb barrier�, rmax, and the secondary mini-
mum, rmin, in �uDLVO range from rmax / �2a�=1.007 to 1.006,
and from rmin / �2a�=1.26 to 1.10, respectively, when cs is
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FIG. 6. �Color online� Semilogarithmic plot of the reduced time-dependent
effective hydrodynamic radius of colloid clusters deduced for several salt
concentrations as a function of time for �=0.01. The straight line segments
are fits to the form R�t�=R0 exp�t /
a�, with the aggregation time 
a. cs

=0.6 mol / l ���: �a� 
a= �0.498�0.003�h, �b� 
a= �0.19�0.02�h; cs

=0.5 mol / l ���: �c� 
a= �2.93�0.01�h, �d� 
a= �1.67�0.07�h; cs

=0.4 mol / l ���: �e� 
a= �23.8�0.1�h; cs=0.3 mol / l ���: �f� 
a

= �7.8�0.1�d, respectively.
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FIG. 7. Initial aggregation time, 
a, as a function of salt concentration cs, for
�=0.01.
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FIG. 8. Effective colloid charge number as a function of added salt concen-
tration, obtained from matching Eq. �5� to the experimentally determined
initial aggregation time 
a given in Fig. 7. The solid curve is a fit to the form
Zeff�cs�=b1cs

2+b2cs+b3, with b1= �−1184�90� l2 /mol2, b2

= �2267�68� l /mol, and b3=413�12.
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FIG. 9. �Color online� DLVO pair potential for parameters obtained from
adjusting the effective colloid charge number Zeff�cs�, entering the calcula-
tion of 
a, to the experimentally found initial aggregation time, for a system
with �=0.01 at T=295 K �see Table I�.

204905-7 Aggregation and phase separation in CP mixtures J. Chem. Phys. 130, 204905 �2009�



increased from 0.15 to 0.6 mol/l. Likewise, the reduced pair
potential at rmax, �uDLVO�rmax�, decreases from 35 to 25, and
the depth of the secondary minimum, �uDLVO�xmin�, deepens
from �0.04 to �0.24. The radial distance, r0, where uDLVO

crosses zero near contact, is almost unaffected by the salinity
changes, with a nearly constant value of r0=1.002, whereas
the Coulomb barrier height, Q, is strongly affected. See
Table I for a summary of these parameters.

For values lB
Z
 /a�1, where Z is the bare colloidal
charge number, the linear Debye–Hückel �DH� assumption
underlying Eq. �2� does not apply any more. In fact, we have
lB
Z
 /a�50 in our silica dispersions, for all cs considered.
For large colloid charges, the DH form of uel�r� can still be
used, but Z and also � must be replaced by an effective
�renormalized� charge number Zeff, and a renormalized �,
that incorporate the effect of quasicounterion condensation at
strongly charged colloid surfaces. Due to this counterion
condensation effect, Zeff can be substantially smaller than the
bare charge, in particular, at lower salinity. Similar charge
renormalization problems have been encountered before in
experimental studies on dispersions of highly charged sub-
micron silica particles without polymers.60

The relative interparticle distance r−2a, where the maxi-
mum in uDLVO�r� occurs, is in the subnanometer range for
the small Ludox particles and the high salt concentrations
considered. Thus, the continuum description of the solvent
underlying the Poisson–Boltzmann theory cannot be fully
justified any more, and the discrete nature of microions and
solvent molecules may play a role. Also, the form of the
vdW attraction may not be quantitatively describable any
more by Eq. �1�, and particle surface roughness effects,61,62

inhomogeneous surface charge distribution,63,64 and hydra-
tion forces65,66 should also be considered in principle. A
quantitative model including all these additional features
would be extremely demanding and has not been worked out
to date. Since our present work focuses on the essential fea-
tures of the influence of polymer-induced attraction on the
nonequilibrium and equilibrium phase behavior of charge-
stabilized nanometric colloidal dispersions, we are not con-
cerned here with such a first-principle description. Instead,
we restrict ourselves to the DLVO-type description and con-
sider the value of Zeff in uel�r� as an adjustable parameter,
from which the renormalized � of a 1-1 electrolyte is deter-
mined by Eq. �3� with Z replaced by Zeff, in accord with the
renormalized jellium model of charge renormalization.59

For later discussion, we point out that Zeff�cs� is deter-

mined from matching the calculated 
a to the experimental
one using a selected value �=0.01. This value of Zeff�cs� is
assumed to be constant when � is changed to other values.

D. Influence of colloid volume fraction
on aggregation rate

We investigate here the influence of the colloid volume
fraction varied in the range from 0.01 to 0.14, for two dif-
ferent salt concentrations of cs=0.15 and 0.3 mol/l, respec-
tively. The measured initial collective diffusion coefficient at
t=0 increases with increasing � and decreasing cs, corre-
sponding to values kd�0 �see Eqs. �20� and �21��, akin to
what is observed for the collective diffusion coefficient in
stable charge-stabilized suspensions.40 Indeed, the DLS de-
duced values D�t=0�= �1.258�0.005��10−11 m2 s−1 at cs

=0.3 mol / l and �=0.12, and D�t=0�= �1.434�0.002�
�10−11 m2 s−1 at cs=0.15 mol / l and �=0.12, are all larger
than D0= �1.214�0.001��10−11 m2 s−1, the latter measured
at cs=0.15 mol / l. As for stable suspensions, we attribute
this to the influence of particle correlations since, at t=0,
aggregation has not been set in significantly.

In Fig. 10, the �effective� hydrodynamic radius deduced
from the collective diffusion coefficient measured at a non-
diluted sample is plotted as a function of time for samples
with cs=0.15 and 0.3 mol/l and various �, showing that the
colloid cluster growth is enhanced with increasing � and cs.

TABLE I. Parameters characterizing uDLVO�r� for several experimentally analyzed salt concentrations. The
effective charge number, Zeff, has been adjusted to obtain the experimental values of 
a without added polymers
as described in the text.

cs

�mol/l� Zeff 1 / ���� �	
Q

�kBT�

a

�h�

0.15 723 0.032 56.6 34.9 14 329
0.2 826 0.028 56.8 33.6 3533
0.3 990 0.023 55.9 30.7 186
0.4 1130 0.020 55.6 28.7 24
0.5 1246 0.018 54.6 26.7 2.9
0.6 1349 0.016 53.8 25.0 0.5
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FIG. 10. �Color online� Semilogarithmic plot of the effective hydrodynamic
radius of aggregated colloidal clusters as a function of the elapsed time. The
straight lines �a�–�f� are fits to the form R�t�=R�t=0�exp�t /
a�, with the
parameters 
a and R�t=0� determined right after the sample preparation. The
data for �=0.01, and cs=0.3 mol / l are replotted for comparison from Fig.
6. cs=0.15 mol / l: �⌂, f� �=0.06, 
a= �94�9�d; ��, e� �=0.12, 
a

= �10.6�0.2�d; ��, c� �=0.14, 
a= �4.29�0.02�d; cs=0.3 mol / l: ��, d�
�=0.01, 
a= �7.8�0.1�d; ��, b� �=0.06, 
a= �17.9�0.1�h; ��, a� �
=0.12, 
a= �4.7�0.2�h.
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A significant influence of � on 
a can be expected from the
fact that the collision probability increases with �. The loga-
rithm of the normalized hydrodynamic radius �see Fig. 10�
follows a linear time relation for short times after sample
preparation, indicating a slow RLA mechanism. However,
for cs=0.3 mol / l and ��0.06 and later times, we find a
nonexponential cluster growth. This nonexponential growth
rate can be attributed to the gelation of the sample, which
manifests itself in a power-law-dependent growth rate.67

Consistent with our expectation of a growth rate that in-
creases with �, 
a deduced from the data points in Fig. 10
increases with increasing 1 /� indeed �see Fig. 11�. Also
shown in Fig. 11 is the theoretically predicted aggregation
time, calculated from Eq. �5� using values for Zeff given in
Fig. 8. The dimer formation theory of the initial stage of
Brownian flocculation describes our experimental data quite
well, for volume fractions ��0.14. In more concentrated
colloidal suspensions not considered in this work, we expect
an enhanced aggregation rate arising from the reduced vol-
ume available to the microions caused by the macroionic
excluded volumes,68,69 and from intercolloid correlation ef-
fects observed by Sauer and Löwen70 in their computer
simulations. In addition, the influence of the microion finite
sizes on their screening abilities, and additional electrostatic
screening caused by intervening macroions, may play a role
at high colloid concentrations.71

E. Effect of added nonadsorbing polymer chains

So far, we have considered polymer-free silica disper-
sions only. In the following, we analyze the influence of the
depletion agent dextran on the aggregation kinetics. On add-
ing dextran polymers of molar mass M =5�105 g /mol �q
=1.4�0.1� to a charge-stabilized dispersion at �=0.01 and
cs=0.15 mol / l, no enhanced creation of clusters is observed
even up to c /c�=1.67, and for an observation time extending
over two days after sample preparation. This indicates that at
cs=0.15 mol / l, the polymer-induced depletion attraction is
not strong enough to change the aggregation behavior
significantly.

However, for a larger cs=0.3 mol / l we do observe a
strong influence of cs on the aggregation behavior. Plotting
R�t� versus the observation time on a logarithmic-linear

scale, results in a linear relation �see Fig. 12�, and now the
clusters grow faster with increasing c /c�. This observation is
in accordance with previous findings.24 It suggests that the
addition of nonadsorbing polymers at near-� solvent condi-
tions does not change the aggregation mechanism. Hence,
also in the presence of polymer chains, the initial cluster
growth is likely to be determined by the RLA mechanism.
The values of 
a depicted in Fig. 13 have been determined
from the slopes to the curves in Fig. 12. Decreasing values of

a with increasing c correspond to an enhanced cluster
growth rate. The dotted magenta curve in Fig. 13 is our the-
oretical prediction for 
a�c�, obtained using Eqs. �5� and �6�,
and the DLVO potential in conjunction with the AOV poten-
tial. Note again here that Zeff was determined from matching
the experimental 
a for systems without added polymers.
Thus, no adjustable parameter is added in the presence of
polymers. As shown in Fig. 13, the effect on 
a due to added
polymer chains is overall well described by the AOV poten-
tial. The aggregation times predicted by the initial aggrega-
tion theory are moderately larger than the corresponding ex-
perimental values, with increasing differences for increasing
c /c�.
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FIG. 11. �Color online� Aggregation time, 
a, as a function of inverse col-
loid volume fraction, for cs=0.15 mol / l ��� and cs=0.3 mol / l ���. The
dashed and solid curves are the theoretically predicted aggregation times for
cs=0.15 mol / l and 0.3 mol/l, respectively, calculated from Eq. �5�, using
uDLVO�r� in Eq. �4� �see also Fig. 9�.
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FIG. 12. �Color online� Semilogarithmic plot of the reduced effective hy-
drodynamic radius of colloid clusters as a function of elapsed time, for a
mixture of Ludox silica spheres at �=0.01 and dextran at varying concen-
trations, with q=1.4�0.1, and cs=0.3 mol / l. The straight lines are fits to
the form R�t�=R�t=0�exp�t /
a�, with the characteristic time 
a and the ef-
fective hydrodynamic radius R�t=0� measured right after sample prepara-
tion. For comparison, the data points for c /c�=0 are replotted from Fig. 6.
c /c�=0: ���
a= �7.8�0.1�d; c /c�=0.42: ��� 
a= �2.7�0.1�d; c /c�=0.84:
��� 
a= �16.2�0.1�h.
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FIG. 13. �Color online� The data points �symbols� give the experimentally
determined aggregation time as a function of the reduced polymer concen-
tration, in a mixture of dextran with varying range of attractions, q
=0.49�0.03 �M =4�104 g /mol�, q=1.4�0.1 �M =5�105 g /mol�, and
q=2.6�0.2 �M =2�106 g /mol�, respectively, and silica particles with �
=0.01 and cs=0.3 mol / l. The curves are the theoretically predicted 
a based
on the AOV potential and values of Zeff as explained in Sec. II B.
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F. Effect of polymer-to-colloid size ratio q
on the aggregation rate

In Fig. 13, we show 
a in dependence on the polymer
concentration for samples of varying molar mass correspond-
ing to q=0.49–2.6, at fixed cs=0.3 mol / l and �=0.01. We
find here a 
a that decreases with increasing c /c� for all q
values considered. Moreover 
a becomes larger for larger q.
A similar behavior has been reported by Seebergh and Berg24

for q�0.21. The curves in Fig. 13 are our theoretical results
for 
a�c�. Considering the approximations entering the dimer
formation theory, the overall agreement between experiment
and theory is quite good. For q=0.49, the data points are
located above the theoretical curves, whereas the experimen-
tal values are overestimated for q=1.4 and 2.6. The devia-
tions increase with increasing c /c�. For all q-values and
polymer concentration investigated in our work, we observe
an exponential cluster growth rate indicative of a RLA
process.

The findings discussed above can be explained as fol-
lows: 1 /
a grows with increasing c due to the increasing
osmotic pressure, which drives the colloidal particles to-
gether, and thus promotes colloidal aggregation. In Fig. 14,
the various potential contributions to the total u�r� are plotted
for q=0.49, 1.4, and 2.6, respectively, and for a fixed c /c�

=0.5 and cs=0.3 mol / l. The comparison of the full potential
form of u�r� at varying q with uDLVO�r� reveals that the
polymer depletion effect described by uAOV�r� adds a longer-
ranged attractive part to u�r�. Thus, polymer-induced deple-
tion reduces the height of the Coulomb barrier, and creates a
pronounced secondary minimum with a depth of about 1kBT.
As a consequence, 
a decreases with increasing c /c�, and so
does the stability ratio W defined in Eq. �6�. At fixed c /c�,
the strength of the AOV depletion attraction decreases for
increasing q �see Eq. �7��, whereas the range of attraction is
growing with q. Thus, the effect of the increasing depletion
range is outweighted by its decreasing strength �see here Fig.
14�. Accordingly, W and 
a both increase with increasing q
for fixed c /c�, giving rise to a slower growth of clusters. The
experimentally observed 
a decreases faster with increasing c
than the theoretical prediction for q�1 and c /c��0.8. This

can be explained by the nonideal solution behavior of dext-
ran, which is not accounted for in the AOV model. As shown
in Fig. 4 of Ref. 16, where the influence of polymer nonide-
ality is considered, the thickness of the depletion layer starts
to decrease quickly for increasing polymer concentrations
near c�, and for q�1, since the colloid size is then compa-
rable to the polymer correlation length. Therefore, the range
of the polymer-induced colloid attraction shrinks with in-
creasing c /c�. In addition, the osmotic pressure exerted by
the polymers on the colloids increases rapidly �for q�1�
with increasing c /c� �see again Fig. 4 in Ref. 16� so that the
strength of the depletion attraction increases. Both effects,
the decrease in range and the increase in strength of the
depletion attraction, enhance the formation of clusters as ob-
served in our experiments.

G. Nonequilibrium state diagrams

The silica-dextran mixtures investigated so far were
characterized by a low �=0.01 and low polymer concentra-
tions c�c�. These samples initially form a homogeneous
and transparent mixture. With progressing time, the samples
gradually turn turbid. On the basis of our measurements of
R�t� and 
a discussed before, we attribute the increasing
sample turbidity to the growth of colloidal clusters �for
samples with �=0.01�. If these samples are without added
polymers, they form a space-spanning solid gel at later times.
When polymer chains are added, the cluster aggregation pro-
cess is accelerated �recall here Secs. IV E and IV F�.

The dispersions behave quite differently when � and c
are increased at low salt content �i.e., for 0.1�cs

�0.2 mol / l�. At high � and c, and low cs, the samples be-
come turbid right after mixing. Several hours or days later,
depending on the actual colloid, polymer and salt concentra-
tions, a turbid and highly viscous fluidlike phase can form at
the container bottom. On top of this viscous bottom phase, a
slightly turbid fluidlike phase is observed. A sharp interface
between the two fluidlike phases is visible. We point out that
these are two nonequilibrium fluidlike phases. With increas-
ing observation time, the bottom phase ceases to flow, and
forms a white gel-like phase after several days up to a few

FIG. 15. Photographs of samples containing a colloid-polymer mixture with
cs=0.15 mol / l �see also Fig. 16�c��, and polymer molar mass M =5
�105 g /mol. The picture has been taken two days after sample preparation.
Sample �i� with �=0.04 and c /c�=2.93 has become turbid and forms a gel
at later times. In sample �ii�, where �=0.09 and c /c�=1.26, and sample �iii�,
where �=0.09 and c /c�=2.09, two phases are observed. The total height,
h0, of the dispersion and the height, h, of the more turbid bottom phase are
indicated by arrows.
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FIG. 14. �Color online� Total pair potential for q=0.49�0.03 �M =4
�104 g /mol�, q=1.4�0.1 �M =5�105 g /mol�, and q=2.6�0.2 �M =2
�106 g /mol�, with �=0.01, cs=0.3 mol / l, cb=0.01 mol / l, T=295 K,
and fixed polymer concentration, c /c�=0.5. The black dashed curve is the
repulsive electrostatic part, and the dashed-dotted �turquoise� curve the
short-ranged vdW part of u�r�. The inset displays the Coulomb barrier part
of u�r� located at smaller particle separations.
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weeks. During the same time span, the upper fluidlike phase
gradually becomes transparent �see Fig. 15�. The time until
this macroscopic phase separation occurs, and the time until
the bottom phase forms a gel depend on c, cs, and �. This
dependence has not been studied systematically in the
present work. The investigation of the �time-dependent� mi-
crostructure and rheology of the bottom phase is left to fu-
ture studies.

For cs in the range of 0.1 and 0.2 mol/l, the nonequilib-
rium state diagram obtained 2 weeks after sample mixing by
visual inspection is shown in Fig. 16. The dividing curves are
just guides to the eye to distinguish systems in a slightly
turbid but homogeneous single phase ��� from samples
which have phase separated �� �, as already described
above, or have formed a system-spanning gel ���, without
undergoing a �macroscopic� demixing process. For the cs

=0.1 mol / l systems in Fig. 16�a�, the colloid-polymer mix-

ture has not phase separated for all considered colloid and
polymer concentrations even 2 weeks after sample mixing.
Only the sample with �=0.1, c /c�=2.09, and cs

=0.1 mol / l has formed a gel. On increasing cs to 0.125
mol/l �see Fig. 16�b��, the samples either form a gel at high c
and �, or stay mixed, without phase separation within the
two weeks of observation time. However, for cs=0.15 and
0.175 mol/l �see Figs. 16�c� and 16�d�, respectively� and af-
ter 2 weeks, we observe a homogeneous fluidlike sample for
low c /c� and �, phase separated samples for intermediate
polymer and colloid concentrations, and gelated samples at
high c /c�. For an even higher salt concentration of cs

=0.2 mol / l �Fig. 16�e��, we unexpectedly observe that
sample-spanning gels appear at lower c /c�-values than those
of the phase separating samples. According to Fig. 16, the
dividing curve moves to lower � and smaller c with increas-

FIG. 16. Nonequilibrium state diagrams of aqueous mixtures of Ludox silica particles and dextran for varying salt concentrations: �chart �a�� cs

=0.1 mol / l, �b� cs=0.125 mol / l, �c� cs=0.15 mol / l, �d� cs=0.175 mol / l, and �e� cs=0.2 mol / l for q= �1.4�0.1� nm �M =5�105 g /mol� at room tem-
perature. The phase diagrams of the samples have been recorded by visual inspection two weeks after sample preparation. Open circles ��� indicate fluidlike
homogeneous mixtures. The half-filled circles �� � describe samples, where a turbid viscous phase is observed at the container bottom. The triangles ��� mark
samples that form a gel throughout the sample. The solid dividing curves are guides to the eye, separating the single-fluid phase region from the region where
phase separation or a system-spanning gel is observed after 2 weeks. For all salt concentration considered, these dividing curves are summarized in �f�.
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ing cs. This is most clearly seen in Fig. 16�f�. Moreover, the
dividing curve shifts to lower �- and c /c�-values with in-
creasing observation time �see Fig. 18�.

In Fig. 17, we plot u�r� for �=0.09, c /c�=1.25, and
varying cs. Since the Coulomb barrier is lowered with in-
creasing amount of salt �see the inset of Fig. 17�, the dividing
line in Fig. 16 can be expected to move faster in time to
lower �- and c-values with increasing cs, in accordance with
the experimental observations in Fig. 16�f�. As revealed by
Fig. 17, the polymers induce a long-ranged attraction into a
pronounced secondary minimum, which can drive a revers-
ible phase separation. Note here the comparatively high Cou-
lomb barrier depicted in the inset of Fig. 17 which prevents
fast aggregation.

Our observation that samples at high � and c turn turbid
immediately after mixing, could be an indication of a spin-
odal decomposition driven by the long-ranged polymer
depletion effect. To differentiate between irreversible aggre-
gation and phase separation in the initial state after sample
preparation, a control experiment was performed: A test
sample was prepared with �=0.09, c /c�=1.26, M =5
�105 g /mol, and cs=0.15 mol / l which turned turbid im-
mediately. A few hours later this sample was diluted by add-
ing a buffer solution of the same cs. A DLS experiment on
the diluted sample gave then an effective hydrodynamic ra-
dius R= �21.2�0.4� nm rather close to the colloid radius.
This observation indicates that the initial demixing process,
causing the turbidity right after sample preparation, is revers-
ible, and indeed might be due to spinodal decomposition or a
nucleation and growth process. However, when the original
test sample was diluted not a few hours but a few days after
its preparation, we found that a colloid gel was formed on
the container bottom which could not be redispersed. Thus,
the irreversible aggregation proceeds slower than the phase
separation �see also Fig. 7�.

In the following, we discuss whether, for high � and c,
the observed nonequilibrium phase separation and gelation
processes are initiated by spinodal decomposition, and how
the aggregation process interferes with the faster initial equi-
librium phase separation process. Lu et al.8 provided ample
evidence that gelation is driven by spinodal decomposition,
at least in colloid-polymer mixtures of very short-range
depletion attraction �q=0.059�. Similar experimental obser-
vations were made earlier by Grant and Russel,72 who stud-

ied a dispersion of sterically stabilized silica particles in an
organic solvent. Both groups found that the gelation line co-
incides with the spinodal line at low �. Grant and Russel,72

in addition, showed for systems without polymers but with
vdW attraction that the spinodal line is metastable with re-
spect to the fluid-solid coexistence curve. Notice, however,
that Lu et al. investigated systems of polymer-grafted col-
loids, with hard-sphere-like interactions, and with polymer
chains of low-molar weight that induce only very short-
ranged attractions. In contrast to this, we study here a more
complex system of charged colloids with short-ranged vdW
and long-ranged polymer depletion attractions. In systems
with long-ranged depletion attraction �q�0.3�, the gel line
often extends into the stable gas-liquid coexistence region
well below the critical point.4,12

Figure 18 shows the binodal and spinodal lines calcu-
lated by GFVT for a stable colloid-polymer system at cs

=0.15 mol / l without vdW attractions included. These lines
are shown in search of possible relations between the experi-
mental nonequilibrium state diagram 2 days and 2 weeks
after sample preparation, which are also shown in the figure,
and the GFVT phase behavior prediction. As seen, all
samples which phase separate two days after mixing, are
located within the GFVT predicted spinodal region located to
the right of the solid red spinodal line in Fig. 18. Notice
further that the samples which were not phase separated after
2 days but have phase separated after 2 weeks are located in
the GFVT metastable region in between the dashed green
binodal and the solid red spinodal lines.

We point out that the phase diagram obtained after 2
weeks continues to evolve in time. For example, the sample
with �=0.02 and c /c�=2.09, that was still homogeneous af-
ter 2 weeks, is phase separated, and the samples with �
=0.02 and c /c��3 are forming a gel after 3 weeks waiting
time. How all the samples develop at even longer times has
not been recorded in our study. The observation that all
samples which have phase separated after 2 days are located
within the thermodynamically unstable region predicted by
the GFVT bounded from the left by the solid red spinodal
line, does indicate that the experimentally observed phase
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FIG. 17. �Color online� Reduced total pair potential, �u�r�, for cs=0.1, 0.15,
and 0.2 mol/l with �=0.09, c /c�=1.25, and q=1.4 �M =5�105 g /mol�.
The inset shows the Coulomb barrier part.
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separation and gelation processes are initiated on crossing
the spinodal line, as observed also by Lu et al.8 We conjec-
ture that the colloids start to aggregate within the denser,
colloidal-rich regions during the faster progressing demixing
process. Since the colloids are not buoyancy matched, larger
clusters should sediment to the container bottom to form the
lower turbid phase. Later on, we expect that the sedimented
clusters aggregate irreversibly in the bottom phase and form
a gel. This two-stage picture is supported by the fact that the
dimer formation theory for �=0.09, c /c�=1.25, and cs

=0.15 mol / l gives a value of 
a
18 h consistent with an
irreversible aggregation that is observed experimentally only
for delay times of the order of days. Recall, however, that
vdW attraction has been neglected in the GFVT equilibrium
calculations, and that GFVT is known to predict the phase
diagram only qualitatively when q�1.16 In addition, the
range �−1 of the electrostatic repulsion in the systems of Fig.
18 is quite large, so that m�1.4 �see Eq. �10��. Note further
that Kobayashi et al.60 encountered difficulties in describing
dispersions of nanosized silica particles quantitatively using
a DLVO-like potential. Thus, our comparison of the GFVT
phase diagram with the experimental data should be consid-
ered only as a first attempt to relate phase separation pro-
cesses and gelation.

V. CONCLUSIONS

We have studied the aggregation kinetics and the phase
behavior in aqueous mixtures of charge-stabilized silica
spheres �Ludox� and nonadsorbing neutral homopolymers
�dextran�. By varying the polymer molar mass, and the poly-
mer and electrolyte concentrations, we can tune the range
and strength of the depletion attraction and electrostatic re-
pulsion. In addition, the colloids strongly attract each other at
very short distances due to vdW forces, which can trigger
irreversible colloid aggregation depending on the height of
the Coulomb barrier. For low �, we have measured the time-
resolved colloid cluster aggregation rate using DLS. From
these measurements, we find that the formation of clusters is
enhanced with increasing electrolyte and polymer concentra-
tions, and increasing colloid volume fraction. Furthermore,
we observe that the cluster aggregation rate decreases with
increasing q and fixed c /c�. We have demonstrated that the
combined effects of salt-induced electrostatic screening,
depletion attraction and vdW attraction on the initial colloid
aggregation, can be quantitatively described for c�c� by the
dimer formation theory where two-particle hydrodynamics is
included. We have accounted for the screened electrostatic
repulsion using an effective colloid charge determined from
matching the theoretical 
a to the experimental one, for a
colloid dispersion without added polymers. The depletion at-
traction is described in our model calculations by the AOV
potential without any adjustable parameters. Overall, the
polymer influence on 
a is well explained by the AOV dimer
formation theory. For c close to c�, however, we find that the
measured aggregation rate deviates significantly from the
theoretical predictions. This finding can be attributed, in par-
ticular, to the nonideal solution behavior of dextran observed
for c /c�
1, which is not accounted for in the AOV model.

With increasing � and c, and lower cs, and several hours
up to a few days after sample preparation, we observe the
formation of a turbid, viscous phase at the container bottom
and the formation of a fluidlike upper phase. In Figs. 16 and
18 the dividing line separating homogeneous single phase
samples from samples which have either phase separated or
are forming a gel, shifts to smaller values of � and c with
increasing observation time. This line shift is more pro-
nounced at high electrolyte concentration due to the enlarged
electrostatic screening. The experimental nonequilibrium
phase behavior has been compared to the equilibrium phase
diagram of a corresponding system without vdW attractions
as predicted by the GFVT. We observe that all samples
which have phase separated after 2 days are located within
the GFVT predicted spinodal region. These samples are tur-
bid right after sample mixing. Additional dilution experi-
ments show that the silica particles do not irreversibly aggre-
gate up to a few hours after sample preparation. Thus, we
argue that the experimentally studied nonequilibrium phase
separation process may be initiated on crossing the spinodal
line. However, whether gelation is related to the initial phase
separation process remains to be an interesting open
question.
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APPENDIX: DIMER FORMATION THEORY
OF INITIAL FLOCCULATION

Consider a dispersion which initially consists of nonag-
gregated colloidal spheres randomly distributed in the system
volume V. Whenever two particles approach each other so
that the singular short-range vdW interparticle attractions be-
come dominant, they can form a dimer. If the dispersion is
highly diluted, we can neglect three-body and higher order
collision events at short times. The formation of dimers can
then be described by an evolution equation for the pair prob-
ability density, P2�r , t�, of finding two spheres at time t at a
center-to-center distance r,26,28

�P2�r,t�
�t

=
1

r2

�

�r
�2D0G�r�

�P2�r,t�
�r

+ 2D0G�r�P2�r,t�
d�u�r�

dr
� , �A1�

where G�r� is the relative hydrodynamic mobility of two
spheres of free diffusion coefficient D0 along their line of
centers. The first term on the right-hand side arises from the
diffusive flux part, which tends to smooth out local accumu-
lations of colloidal particles. The second term accounts for
the relative flux caused by u�r�. At very short interparticle
distances, when the vdW attraction part dominates, this term
becomes negative, favoring a local accumulation of spheres.
Initially, P2�r ,0�=n0

2, where n0=n�t=0� is the initial number
density of randomly distributed colloids �monomers�. The
inner and outer boundary conditions are P2�� , t�=n0

2 and

204905-13 Aggregation and phase separation in CP mixtures J. Chem. Phys. 130, 204905 �2009�



P2�2a , t�=0, respectively, on assuming a random distribution
of spheres for r→� and irreversible dimer formation at con-
tact, respectively. From the solution of Eq. �A1� and the
aforementioned initial and boundary conditions, the collision
rate is obtained to28

J11 = 4��2a�2 lim
r→2a+

2D0G�r�� �P2�r,t�
�r

+ P2�r,t�
d�u�r�

dr
� . �A2�

The time-dependent monomer number concentration, n�t�, is
then obtained from the rate equation, dn�t� /dt=−J11 that de-
scribes the disappearance of monomers from the suspension.
Using a steady-state approximation the solution reads28

P2�r,t� = n0
2

exp�− �u�r���2a
r dr�

exp��u�r���
r�2G�r��

�2a
� dr�

exp��u�r���
r�2G�r��

, �A3�

and the collision rate follows as

J11 =
8�D0n0

2

�2a
� dr�

exp��u�r���
r�2G�r��

. �A4�

For u�r�=0 and G�r�=1, Eq. �A4� reduces to the classical
result of Smoluchowski for diffusion-limited aggregation,
namely, J0=16�aD0n0

2. The stability ratio, W, is defined by

W =
J0

J11
= 2a�

2a

�

dr
exp��u�r��

r2G�r�
, �A5�

and the characteristic aggregation time, 
a, of dimer forma-
tion is given by


a =
��a3

�kBT
W . �A6�
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