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The coupled aggregation and sedimentation of colloidal particles with short-range attractions are investi-
gated. Nonadsorbing polymer is used to induce depletion interactions between the hard-sphere particles. Gravi-
tational forces, caused by a density mismatch between the particles and the suspending fluid, result in the
sedimentation of particles and aggregates, as well as the compaction and rearrangement of the final sediment
layer. At low polymer concentrations CP, or low initial volume fractions �o, clusters formed during the period
of fast sedimentation are small, and the structure of the final sediment is dense. Conversely, at high CP, or high
�o, large clusters form during sedimentation, and the resulting sediment structure is significantly less dense,
with large void volumes. The size of the presediment aggregates depends on CP and �o with a functional form
that resembles other thermally activated barrier hopping processes in colloidal systems, such as the delayed
sedimentation of colloidal gels. Finally, when the particles are weakly attractive, gravitational stresses are
found to induce compaction of the sediment over long periods of time. However, sediments composed of
particles that are strongly attractive resist rearrangements and compaction, even when the sediment layers have
a relatively large amount of free volume.
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I. INTRODUCTION

Particle aggregation is of great interest not only due to the
variety of roles it plays in biological systems, medical diag-
nostics, paints and coatings, and numerous foods but also as
a model system for growth under nonequilibrium conditions
�1–3�. In the past two decades, work has focused on the
formation of aggregates, including their geometry and
growth kinetics, in the absence of sedimentation �4–9�.
Strong attractive interparticle interactions cause dispersed
colloidal suspensions to form fractal-like aggregates of k par-
ticles with radius of gyration ��ak1/Df, where Df is the frac-
tal dimension �10,11�. The aggregate fractal dimension and
ultimate gel structure depend on the kinetics of aggregation.
Typically, clusters exhibit a range from Df =1.8 for diffusion-
limited cluster aggregation �DLCA� to 2.1 for reaction-
limited growth �RLCA� �5,12�. When the volume fraction of
the particles within the floc, �k, equals the initial bulk vol-
ume fraction of suspension, a sample-spanning network is
formed, signifying the onset of gelation �13�. However, many
real aggregation phenomena rarely take place under quies-
cent conditions but instead occur in the presence of gravita-
tional fields or macroscopic flows. In addition, external
fields, including electrical, magnetic, and optical, have
proven useful for assembling colloidal systems, such as col-
loidal crystals �14–17�. Therefore, the combined action of
aggregation and sedimentation has drawn increasing atten-
tion in recent years �18–21�.

It is known that sedimentation affects the kinetics of
growth and structural properties of colloidal gels. For in-
stance, Manley and co-workers found that gravitational
forces limit cluster growth, constraining the gel formation
�22�. As a result, the time evolution of cluster size in the
presence of gravity significantly deviates from DLCA behav-

ior. Allain and co-workers also examined the settling behav-
ior in colloidal suspensions in the presence of attractive
forces between particles �20�. They found that the critical gel
concentration �* increases remarkably in a gravitational
field. They also reported the increase in the fractal dimension
of settling clusters due to flow-induced restructuring. More-
over, after a gel forms, gravitational forces result in the
breakup and compression of the structure, and stresses in-
duced by sedimenting dense fractions cause restructuring of
less dense ones. Starrs and coworkers reported that in
Poly�methylmethacrylate�-poly�styrene� �PMMA-PS� mix-
tures the time evolution of height of the sediment shows an
unexpected scaling behavior, suggesting a universal nature to
this delayed collapse �23�. Manley and co-workers also stud-
ied the gravitational collapse of colloidal gels �24�. They
found that the collapse of gels is determined by a balance
between the gravitational stress, the resistance to fluid flow,
and their elastic and plastic properties. Clearly, knowledge of
colloidal aggregation and rearrangements under the influence
of gravity will ultimately provide a thorough understanding
of the processes occurring in real aggregating systems, and
will also serve as an useful model for aggregation and rear-
rangements in a variety of external fields.

In this study, we investigate the coupling between the ag-
gregation and sedimentation of colloid particles as functions
of the strength of attraction and initial particle volume frac-
tion, using confocal microscopy, in the initial, intermediate,
and final stages of structural development. The strength of
attraction between particles is controlled by the concentra-
tion of a nonadsorbing polymer. Using this approach, we
relate the final sediment structure and compaction properties
to the aggregation behavior of the presediment.

The remainder of this paper is divided into three sections.
First, we detail the experimental approach, including the syn-
thesis of core-shell silica particles using a modified Stöber
synthesis. We then present the significant results, focusing on
the kinetics of growth prior to the formation of the sediment
layer, the structural characteristics of the sediment, and the*Corresponding author. E-mail: furst@che.udel.edu
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longtime compaction processes that occur in dense layers. In
the discussion, we detail the connection between these pro-
cesses as they relate to the kinetics of bond formation and
breakage in attractive colloidal systems. We conclude with
final remarks and possible directions for future work.

II. EXPERIMENTAL

A. Synthesis of fluorescent core-shell silica particles

The fluorescent core-shell silica particles used for this
study are synthesized using a modified Stöber method, as
described previously �25�. Core-shell particles allow for im-
aging individual particles inside a dense colloidal suspen-
sion, and prevent dye molecules from affecting the particle
interactions. The particle synthesis is briefly described be-
low.

The fluorescent dye, fluorescein isothiocyanate �FITC,
isomer I�, is covalently attached to the silane coupling agent,
�3-aminopropyl�triethoxysilane �APS�, by mixing APS
�20 mM� and FITC �5 mM� in 5 ml of ethanol for 15 h.
Then, two types of ethanol solutions with identical volumes,
denoted as solution I and solution II, are prepared separately.
Solution I consists of NH4OH �1.0 M NH3�, sodium dodecyl
sulfate �10.4 mM; SDS�, and H2O. Solution II contains tet-
raethyl orthosilicate �0.4 M; TEOS� and the product of APS
and dye FITC. These solutions are mixed together with con-
tinuous stirring for 6 h. The H2O/TEOS molar ratio �Rw� is
fixed at 50. After the reaction, the samples are washed with
ethanol by centrifugation and decantation several times in
order to remove unreacted chemicals. A seeded growth tech-
nique is then used to synthesize a nonfluorescent silica shell
on the fluorescent silica spheres. The particles are dispersed
in ethanol containing NH4OH �0.50 M� and H2O �7.80 M�.
TEOS �0.12 M� is added continuously in a semibatch opera-
tion to minimize the potential for secondary nucleation. The
diameter of the final core-shell particles, measured using
transmission electron microscopy �TEM�, is
1.454±0.048 �m. They include few percent of doublets and
triplets.

The density of silica particles ��=2.024 g/cm3� is deter-
mined using density mixing equation

1

�mix
=

1

�ETOH
xETOH +

1

�Silica
xSilica, �1�

where xi is the weight fraction of species i when the core-
shell silica is dispersed in pure ethanol. The suspension den-
sity data at dilute concentrations is obtained using a commer-
cial densiometer �Anton Paar DMA 48�, as shown in Fig. 1.
The particle volume fraction is calculated by drying and
weighing a known amount of silica particles.

B. Sample preparation

The silica particles are dispersed in refractive index
matched solvent, tetrahydrofurfuryl alcohol �THFA; n
=1.452, �=1.054 g/cm3�. Short-range attraction is induced
through the addition of nonadsorbing polystyrene �PS, Mw
=110 000� with rg=10.3 nm and �=rg /a�0.014. The

colloid-polymer solutions are prepared by mixing two stock
liquids: �I� a silica dispersion in THFA; �II� a polystyrene
solution in THFA. Each solution is prepared by adding silica
or polystyrene to THFA solvent and dispersing them using a
vortex mixer and sonicator for 1 h. Next, these solutions are
mixed together using a vortex mixer. We determine the add-
ing polymer concentrations through the magnitude of
depletion-induced attraction. The lowest polymer concentra-
tions used �2.8 and 4.1 mg/ml� correspond to magnitudes of
the depletion attraction at contact of −8 and −12kT, respec-
tively. The lowest polymer concentration is chosen by the
critical polymer concentration for gelation proposed by Tol-
pekin and co-workers �26�. They studied the aggregation and
breakup of silica particles in shear flow, using confocal mi-
croscopy, using a dispersion medium that met the require-
ments of close refractive index and density matching. They
found that the critical concentration for gelation is between
1.8 and 2.2 g/L of poly�ethylene glycol� �PEG�, correspond-
ing to U�−8 kT. In our system, however, gelation in the
bulk does not occur under any of conditions tested due to the
rapid sedimentation caused by gravity �20,22�. Therefore, all
experiments are considered to be in the regime of cluster
deposition in the absence of gelation.

The sample cells are composed of a #1 cover glass glued
to a glass microscope slide. Glass spacers are used to con-
struct a 0.2 mm gap. The sample area is approximately 10
�20 mm2. The colloid-polymer solution is injected into the
cell and carefully sealed with epoxy to prevent solvent
evaporation and photobleaching of the fluorescent particles.
The samples are relatively small, and because the material is
loaded with capillary action, we expect that any macroscopic
flow not driven by the sedimentation decays rapidly. When
the sample is drawn in, shearing can cause significant aggre-
gation and compaction. Therefore, we take care to redisperse
the particles by pressing vigorously on the cover slip and
repeatedly flipping the cell before taking images. This pro-
vides consistent results. The starting time of aggregation is
taken after this resdispersion step.

In our system, the gravitational Peclet number �Peg�,
given by

Peg =
tB

tg
=

4���a4g

3kBT
�2�

is 2.7, where tB is the characteristic diffusion time and tg is
the settling time. With Peg, we can identify the relative im-

1.274x10
-3

1.272

1.270

1.268

1/
r 

(m
3 /k

g)

8x10
-3

6420
wt fraction of silica

FIG. 1. Density profile of silica solutions at dilute concentra-
tions, fitted with the density mixing equation �Eq. �1��.

MYUNG HAN LEE AND ERIC M. FURST PHYSICAL REVIEW E 74, 031401 �2006�

031401-2



portance of settling over diffusion. For instance, if Peg�1,
then Brownian motion determines the rate of collision of the
particles, whereas if Peg	1, sedimentation prevails over
Brownian motion. In a mixed system of colloid and polymer
with high Peg�
1�, particle aggregation is considerably in-
fluenced by sedimentation.

C. Confocal microscopy

The microstructure of mixtures of silica and PS polymer
in THFA is imaged with confocal microscopy. A Nipkow
confocal �Yokogawa Electric. Co., model CSU10� used in
our study differs from common scanning confocal micro-
scope, because it utilizes a multipinhole spinning disk. Thus,
the pinhole coverage of the focal plane is completed several
hundred times per second, effectively creating a full confocal
image in real time. Using a 63�oil-immersion objective, the
aggregation and sedimentation of silica particles in polymer
solutions are visualized directly. Images are captured using a
10-bit intensified charge-coupled device �CCD� camera
�Stanford Photonics XR-MEGA/10�, and stored on a hard
drive for later processing.

The microstructure is characterized from confocal images
at early and late time points in the evolution of the aggregat-
ing suspension. The sedimenting suspension forms a quies-
cent structure within approximately 20 min, which is gov-
erned by the sedimentation rate. For single particles, the
sedimentation rate is approximately 0.18 �m/s, which
means that single particles at the top of the sample will de-
posit in a layer at the bottom within roughly 18 min. Large
clusters, such as doublets and triplets, settle faster than single
particles, so this represents a maximum time of sedimenta-
tion. After the sediment forms, the suspension structure
evolves slowly enough that three-dimensional �3D� image
volumes can be obtained. These are reconstructed by collect-
ing two-dimensional �2D� image slices using a piezo objec-
tive positioner �Physik Instrumente, model P-721.CDQ�. Im-
age processing is carried out on the image volumes to
generate the 3D particle positions, using a modified version
of the particle tracking algorithms described by Crocker and
Grier �27� and Varadan and Solomon �28�. We estimate that
the image acquisition error of the particle positions is less
than 30 nm in the xy direction and 25 nm in z direction due
to subvoxel accuracy.

III. RESULTS

A. Presediment structure

Images of the suspension early in the aggregation process
are taken at a fixed position 10 �m above the container bot-

tom while varying the polymer concentration and initial par-
ticle volume fraction. The images are taken approximately
1 min after the redispersion step, described in Sec. II B. Ex-
amples for �o=0.052 are shown for various polymer concen-
trations in Fig. 2. In the absence of polymer, the particles are
uniformly distributed, as expected. As the polymer concen-
tration increases, particles form small clusters such as dou-
blets and triplets in the suspension, as shown in Fig. 2�b� for
CP=8 mg/ml. At the higher polymer concentrations, large
clusters and transient percolating structures form rapidly due
to the large attractive well depth. As we discuss below, this
early aggregation behavior during sedimentation has a pro-
found influence on the ultimate structure of the sediment and
the longtime compaction characteristics.

The nature of the growing structure depends both on the
collision frequency of particles and aggregates and the stick-
ing probability, or the likelihood that particles in contact re-
main bound together. Confocal images, such as those shown
in Fig. 2 are analyzed quantitatively by measuring the aver-
age cluster size ���m. The average cluster size is calculated
by first dilating the particle sizes within the image to com-
pensate for the nonfluorescent shell, and then thresholding
the image to identify the individual flocs. The structure
formed at high CP, or high �o, exhibits the broad size distri-
bution, including many singlets and doublets that skew the
number-averaged cluster size. Instead, we calculate the two-
dimensional mass average cluster size

���m =

	
i=1

n

wi�i

	
i=1

n

wi

, �3�

where n is the total number of flocs, wi= ��i
2 /a2� and a is the

single particle radius. Each mass average cluster size calcu-
lated consists of an average of floc radius over on the order
of 100 aggregates. To characterize each cluster by its two-
dimensional size, we assume that the aggregates are rela-
tively isotropic. Earlier, González and co-workers demon-
strated using computer simulations that the elongation of
clusters along the vertical direction occurs for high Peclet
numbers �Peg=0.1 and 1�, when the clusters are nonrotating
�29�. This was explained by a mechanism in which larger
clusters, which move faster, sweep the particles below. By
observation of aggregates moving through the imaging
plane, we find that flocs appear to rotate sufficiently such that
their structures are not highly anisotropic.

a

10 µm

b c

FIG. 2. Confocal images of the presediment structure at �o=0.052 as a function of CP: �a� 0 mg/ml, �b� 8 mg/ml, and �c� 15 mg/ml.
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Figure 3�a� shows the average cluster radius, ���m, ap-
proximately 1 min after inducing aggregation. ���m increases
with increasing CP and �o. For instance, at �o=0.042, large
clusters do not form until CP approaches 12 mg/ml; at lower
concentrations of nonadsorbing polymer, only single par-
ticles and small clusters are found. In contrast, at �o
=0.125, the cluster size at short times increases rapidly with
CP, and particle aggregates with ���m=5.5 �m are observed
at CP=4.1 mg/ml. We find that for each �o, ���m depends
exponentially on polymer concentration,

���m = a exp��CP� . �4�

The fitting parameter � is a function of �o, as shown in the
inset of Fig. 3�b�. The parameter � is empirically found to be
a polynomial function of volume fraction,

���o� = 34.37�o
2 − 1.38�o + 0.11. �5�

Based on Eqs. �4� and �5�, the average cluster size, ���m for
each initial volume fraction collapses as a function of
���o�CP, as shown in Fig. 3�b�. Equation �4� resembles the
form found in other activated barrier hopping processes in
colloidal systems, and highlights the influence of the sticking
probability on aggregate growth in a gravitational field. The
significance of Eqs. �4� and �5� is discussed in more detail
below.

B. Sediment structure

As mentioned above, the sedimenting suspension forms a
quiescent structure within a maximum time of approximately
20 min. Figure 4 shows images of the structure as a function
of polymer concentration at a fixed initial volume fraction
�o=0.042. The volume fractions of the sediment �sed are
calculated from 3D confocal images, and are summarized in

TABLE I. Sediment packing fraction analysis. The sediment
volume fractions are calculated by counting particles in volumes of
40�40�10 �m3. The asterisks indicate significantly lower sedi-
ment volume fractions that define a critical polymer concentration
Ccrit.

�o

CP

�mg/ml�

Sediment volume fraction ��sed�

20 min 60 min 100 min

0.042 0.0 0.517 0.563 -

4.1 0.467 0.504 -

8.0 0.425 0.436 -

13.0* 0.341 0.351 0.359

0.084 0.0 0.546 0.575 -

4.1 0.508 0.535 -

8.0* 0.336 0.348 0.352

0.125 0.0 0.555 0.618 -

2.8 0.497 0.532 -

4.1* 0.256 0.263 0.294

8.0* 0.273 0.282 0.283

FIG. 3. Average cluster size of the presediment microstructure
for different volume fractions: ��� �o=0.042; ��� �o=0.084; ���
�o=0.125. Average cluster sizes are plotted as a function of �a� CP

and �b� ���o�CP. The inset shows the fitting parameter, �, versus
particle volume fraction, �o.

a

10 µm

b c

FIG. 4. Confocal images of the structure of the sediments formed at �o=0.042 as a function of CP: �a� 0 mg/ml, �b� 8 mg/ml, and �c�
13 mg/ml.
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Table I. At CP=0, the sediment visually appears to be par-
tially crystalline, with �sed=0.517. The microstructure is
characterized by calculating the radial distribution function,
g�r�, which describes the probability of finding a pair of
particles a distance r apart, relative to the probability ex-
pected for a completely random distribution at the same den-
sity. In the absence of polymer, the radial distribution func-
tion �Fig. 5�a�� shows several sharp peaks. The first and
second peaks at 2a and 2
3a are expected for a hexagonal
close-packed configuration. This confirms that the sediment
is at least partially ordered, rather than an amorphous solid.
At CP=8 mg/ml, the sediment is dense, with �sed=0.425,
while for CP=13 mg/ml, the volume fraction of sediment is
significantly lower, with �sed=0.341, and there are many
voids in the structure. In the presence of polymer, the radial
distribution function �Fig. 5�b�� for the sediments does not
exhibit specific peaks, indicating a disordered sediment. The
sediment structures at other values of �o exhibit similar
trends as those in Figs. 4 and 5, including a critical polymer
concentration Ccrit, which marks a transition to sediments
with significantly lower volume fractions. For instance, Table
I shows that sediments formed at CP=8 mg/ml for �o
=0.084 and CP�4.1 mg/ml for �o=0.125 exhibit �sed be-
tween 0.26 and 0.34, compared with �sed�0.50 at lower
polymer concentrations.

As mentioned earlier, the microstructure of colloidal gels
is typically characterized by the fractal dimension, Df. This is
commonly calculated from the suspension structure factor
S�q��q−Df measured with scattering experiments, where q is
the scattering wave vector �5,30�. Alternatively, one can cal-
culate Df in microscopy experiments from particle positions
using the integrated pair correlation function �31�

N�r� = 4��
0

r

s2g�s�ds = N0� r

a
Df

. �6�

Over large distances, the characterization of the structure
is limited by the depth of the z direction in the 3D confocal
images; therefore, we use 2D confocal slices. We calculate
Df from a modified form of Eq. �6�,

N�r/a� = N0
�z

a

Df

Df − 1
� r

a
Df−1

, �7�

which provides information about the 3D structure from 2D
confocal slices with thickness �z �26�. In Fig. 6, we plot
N�r /a� for �o=0.042 and CP=0, 8, and 13 mg/ml. Fractal
dimensions, Df, are calculated by fitting the data to Eq. �7�,
and are summarized in Table II for all experimental condi-
tions. At an initial volume fraction of �o=0.042, stronger
attractions at higher polymer concentrations lead to lower
particle density due to many voids in the sediment, as shown
by the decreasing magnitude of N�r /a� in Fig. 6. However,
the fractal dimensions of the sediments do not change sig-
nificantly, and exhibit only a slight decrease in Df �Table II�.
The values �2.9Df�3.0� correspond to dense structures

TABLE II. Fractal dimension, Df, of sediments as functions of
�o and CP.

�o

CP

�mg/ml� Fractal dimension �Df�

0.042 0.0 2.998±0.003

8.0 2.989±0.004

13.0 2.921±0.010

0.084 0.0 3.001±0.001

4.1 2.995±0.002

8.0 2.957±0.006

0.125 0.0 3.001±0.002

2.8 2.997±0.002

4.1 2.956±0.002

8.0 2.906±0.003
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1.5

1.0

0.5

0.0

g(
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543210
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FIG. 5. Radial distribution functions of the sediments formed at
�o=0.042 as a function of CP: �a� 0 mg/ml, �b� 13 mg/ml. The
arrows indicate expected peaks for hexagonal packing.
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FIG. 6. The integrated pair distribution function N�r /a� as a
function of CP for �o=0.042: ��� 0 mg/ml; ��� 8 mg/ml; ���
13 mg/ml. The slope of N�r /a� is the fractal dimension Df.
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that do not exhibit structural self-similarity. This distinct dif-
ference from DLCA �Df=1.75� and RLCA �Df=2.0�2.2�
structures can be partially explained by the high density of
the sediment. Earlier experiments and simulations found that
high particle concentrations lead to nonfractal structures
�32–34�. For instance, van Garderen and co-workers ob-
served the influence of the concentration on the fractal di-
mensions in three dimensions using computer simulations
�34�. The increase of particle concentrations from 0.25 to
30%, causes an increase in Df from approximately 1.74 to
3.0. A second contributing factor is the degree of restructur-
ing and rearrangments that are likely to occur as the aggre-
gates sediment.

The number density fluctuation ��N2�− �N�2� / �N� provides
an alternate means for evaluating the sediment structure �35�.
The density fluctuations are calculated by dividing 3D con-
focal images into smaller subvolumes of dimension L and
counting the number of particles in each subvolume. The
number density fluctuation is related to the low scattering
vector limit of the structure vector and the gel isothermal
compressibility �T �35,36�,

S�q → 0� = lim
a/L→0

�N2� − �N�2

�N�
= �kBT�T. �8�

In our study, L is limited to 10 �m due to the smallest di-
mension of the confocal volume �40�40�10 �m3�.

Figure 7 shows the number density fluctuations for each
initial volume fraction. At CP=0 mg/ml and �0=0.042, the
density fluctuations decrease slightly and then reach a pla-
teau as with increasing L, corresponding to the even distri-
bution of particles throughout the volume, as shown in the
confocal images �Fig. 4�. The curve for CP=4.1 mg/ml fol-
lows the trend of the polymer-free case, but is shifted up
slightly. In the presence of larger attractive interactions, on
the other hand, density fluctuations follow the CP
=0 mg/ml curve at low values of L, then increase as L in-
creases further. The point at which the curves deviate pro-
vides a characteristic length scale over which the compact
structure begins to exhibit greater porosity. For CP
�8.0 mg/ml, this occurs at approximately a /L=0.19–0.22,
corresponding to lengths on the order of 5 particle radii. At
higher �0 �cf. Fig. 7�c��, a /L�0.3, indicating that the den-
sity is significantly lower. It is interesting to note that these
length scales are significantly outside the range of even ultr-
asmall angle x-ray scattering �USAXS� and ultrasmall angle
neutron scattering �USANS� measurements �37�.

C. Sediment compaction

After the initial aggregation process has ended, the result-
ing sediment is largely quiescent, but exhibits slow compac-
tion. In the silica suspensions investigated here, the initial
sediment volume fraction varies over a substantial range,
from �sed=0.25 to 0.56, depending on the polymer concen-
tration and particle volume fraction �cf. Table I.� As dis-
cussed above, the initial sediment structure is largely due to
the competition between aggregation and sedimentation. We
find that further compaction of the structure depends prima-
rily on CP, which governs the strength of attraction between

particles. In the absence of nonadsorbing polymer at each
initial volume fraction investigated, compaction of the sedi-
ment leads to the formation of a glassy, partially crystalline
structure. Sediments formed at low polymer concentrations
�CP�4.1 mg/ml�, exhibit more compaction than those at
higher polymer concentrations �CP�8.0 mg/ml�. Table I
shows that sediments bound by weakly attractive interactions
increase in volume fraction by 5–10% over a 1 h period,
while the increase in �sed is on average 2–3% for more
strongly attractive samples.

To characterize the compaction process further, we deter-
mine changes in the number of nearest neighbors in contact,
or bond number Nb, for each particle in the sediment. Nb is
determined by measuring the center-to-center separation be-

FIG. 7. The number density fluctuation ��N2�− �N�2� / �N� as a
function of subvolume size L for �a� �o=0.042; �b� �o=0.084; �c�
�o=0.125: ��� CP=0 mg/ml; ��� CP=2.8 mg/ml; ��� CP

=4.1 mg/ml; ��� CP=8 mg/ml; ��� CP=13 mg/ml.
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tween particles. Separations equal to one particle diameter
identify particles in contact. Figure 8 shows the distribution
of Nb per particle as a function of polymer concentration for
�o=0.125. These results are typical for all of the initial vol-
ume fractions investigated. The initial bond number observed
at the beginning of the compaction process decreases with
increasing polymer concentration, reflecting the more open
structure formed as the attractive interactions increase. At
polymer concentrations above 4.1 mg/ml, more than 80% of
particles are distributed in the range of Nb=2–5, which is
substantially lower than in random close packing. Similar to
changes in �sed, there is a distinct shift in the average bond
number for the samples, depending on the polymer concen-
tration. The change in Nb is greatest in the absence of poly-
mer, where the distribution peak shifts from approximately
six bonds per particle to approximately seven over a 1 h
period. At CP=2.8 mg/ml, the distribution peak exhibits a
less pronounced change from approximately five bonds per
particle to six. However, for CP=4.1 and 8.0 mg/ml, the
bond number distribution does not change significantly over
the initial hour. A slight increase is observed for CP
=4.1 mg/ml at 100 min after forming the sediment, while
the sample with the highest polymer concentration �CP

=8.0 mg/ml� does not appear to change at all.
An advantage of confocal microscopy is that the changes

in bond number distributions can be characterized as a func-
tion of position inside the sediment layer. This enables the
identification of regions that exhibit significant movement or
collapse. Figure 9 shows images of the sediment layers re-
constructed from the 3D coordinates of particles as a func-
tion of polymer concentration at �o=0.125. The spheres are
color-coded to indicate the number of bonds, as described in
the figure caption. As expected from the behavior shown in
Figs. 6 and 8, below CP=2.8 mg/ml, the sediment has dense
structure and exhibits significant rearrangements that lead to
an overall increase in the bond number per particle. How-

ever, Figs. 9�a� and 9�b� demonstrate that there are no dis-
tinct patterns of compaction; instead, it appears to take place
uniformly throughout the entire sediment volume. Above
CP=4.1 mg/ml, the sediment is more porous and has fewer
bonds per particle. Nonetheless, the compaction again ap-
pears to occur uniformly in the sediment.

Finally, the bond angle distribution is calculated with par-
ticle triplets in the sediment volume. Triplets are identified
when two particles separated by a distance r3 �2a�r3�4a,
where 2a is particle diameter� have a common nearest neigh-
bor. The inter particle distances �r1, r2, and r3� are related to
the bond angle ��� between two adjacent sides by cos �
= �r1

2+r2
2−r3

2� /2r1r2. The angles �=60°, 109.3°, and 120°
originate from the equilateral triangle, tetrahedron, and isos-
celes triangle of particles, respectively. These represent
stable, multiply bonded structures that are expected to form
in glasses and gels with centrosymmetric particle interactions
�38�. Although we cannot identify discrete rearrangements
that underlie the compaction process in the sediment, in most
cases, particles in the sediment adopt more stable configura-
tions over time. Figure 10 shows the bond angle distributions
with time for �o=0.125 in the absence of nonadsorbing poly-
mer and three increasing polymer concentrations. For CP
=0 and 2.8 mg/ml, two peaks emerge at 60° and 109° an
hour after the initial sediment formation, corresponding to
the development of multiply bonded structures. At polymer
concentrations CP=4.1 and 8.0 mg/ml, we cannot identify
changes or specific peaks in the bond angle distribution
within the noise of our experiment.

IV. DISCUSSION

As shown in this study, external fields such as gravity
have a considerable effect on the ultimate structure of aggre-
gating suspensions when compared to studies of aggregation
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FIG. 8. Distribution of the
number of bonds per particle, Nb,
at �o=0.125: �a� CP=0.0 mg/
ml; �b� CP=2.8 mg/ml; �c� CP

=4.1 mg/ml; �d� CP=8.0 mg/ml.
The symbols are ��� measure-
ments made at 20 min; ���
60 min, and ��� 100 min.
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in the absence of sedimentation �4–9�. In the latter, the struc-
ture consists of growing flocs, which evolve into a tenuous,
space-filling network. In the presence of gravity, relatively
small changes in the initial volume fraction and attractive
well depth lead to vastly different sediment structures as the
competition between aggregation and sedimentation is al-
tered. An especially important factor becomes the ability to
form aggregates in the limited amount of time before par-
ticles are arrested as they reach the container bottom. Thus,
the presediment structure, which depends strongly on poly-
mer concentration and particle volume fraction, ultimately
determines the sediment structure. In the following sections,
we discuss the factors that govern presediment structure and
its connection to the final sediment structure. We conclude
by discussing the rearrangements and compaction in the
sediments.

A. The effect of sticking probability and collision frequency on
the presediment structure

The aggregation behavior during sedimentation depends
on the sticking probability and collision frequency between

particles. This accounts for the observation that the average
cluster size is similar at higher volume fractions and lower
polymer concentrations when compared to more dilute sus-
pensions at higher CP. When both �o and CP are accounted
for in Eqs. �4� and �5�, ���m collapses onto a master curve, as
shown in Fig. 3�b�. The exponential dependence of ���m on
CP suggests that the Kramers time, which is the mean escape
time �=�0 exp�−Umin/kT� for a particle in an attractive well
of magnitude Umin, plays a key role by governing the rate of
bond ruptures due to hydrodynamic and gravitational stresses
exerted on the growing aggregates. This is in qualitative
agreement with simulations, which show that an increase in
sticking probability leads to a faster increase in the average
cluster size during settling �39�.

A relationship similar to Eqs. �4� and �5� has been pro-
posed to account for thermally activated barrier hopping pro-
cesses in colloidal gels �40�,

�/�0 = Q exp�4.2G����Cp/Cp
*��a/Rg�3/4� , �9�

where Q is a preexponential factor, Cp
* is the polymer overlap

concentration, and G��� is a function that empirically ac-
counts for the volume fraction dependence and has a qua-
dratic form. The increase in the barrier with increasing vol-
ume fraction is understood in terms of the increase in the
number of bonds required to remove particles in a multiply
bonded structure. Notably, the functional form of Eqs. �4�
and �9� also describes the collapse time tcollapse of gels in
delayed sedimentation studies, reported by Kilfoil and co-
workers �41�. They found that tcollapse increases with CP and
� by tcollapse��o exp�����CP�, where ���� is a fitting pa-
rameter that accounts for the volume fraction dependence.
Again, tcollapse depends exponentially on the polymer concen-
tration. The effect of volume fraction was described by em-
pirical function ����, which was found to be independent of
� at ��0.1 and to be linear function of volume fraction in
the range of �=0.1–0.2. Presumably, similar barrier hopping
dynamics underlie the structural rearrangements that ulti-
mately lead to gel collapse under gravitational stresses.

Several factors influence the volume fraction dependence.
Under extremely dilute conditions, the decrease in the par-
ticle concentration leads to an increase in the mean distances
between particles, therefore decreasing the rates of encounter
between particles. Under such conditions, the lower collision
frequency is inadequate to form aggregates in the limited
time due to sedimentation. Similar results have been found in
previous simulation studies �29,42,43�. For instance,
González and co-workers studied the effect of volume frac-
tion on colloidal aggregation in computer simulations as a
function of the gravitational Peclet number Peg �29�. They
found that an increasing particle concentration enhances the
probability for forming aggregates. However, in the case of
very dilute systems at high Peg, an enormous height of the
suspension volume is required to increase the encounter
rates. At higher concentrations, more collisions occur, but the
net addition of particles to the growing aggregate depends
again on the sticking probability.

FIG. 9. �Color online� Visualizations of the structural evolution
of sediments. �a� CP=0.0 mg/ml; �b� CP=2.8 mg/ml; �c� CP

=4.1 mg/ml; �d� CP=8.0 mg/ml at �o=0.125. Particles are de-
scribed with seven different colors, depending the number of bonds
per particles. A white circle means that a particle has no bond.
Yellow, green, cyan, and blue represent one to four bonds, respec-
tively. A pink indicates five to nine bonds. A red means greater than
ten bonds. Particles with fewer than five bonds are rendered
translucently.
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B. Relationship between the presediment and sediment
structure

Our results highlight the strong correlation between the
presediment and sediment structures, which are summarized
in Fig. 11 as functions of CP and �o. In the absence of non-
adsorbing polymer �CP=0 mg/ml�, sediments form purely
by deposition of particles. As the layer builds, the particles
exhibit kinetic arrest that constrains Brownian motion due to
the high volume fraction. As a result, the sediment layers are
glassy or crystalline, depending on how quickly the sediment
forms, and the magnitude of gravitational stresses compress-
ing the sediment. This behavior is consistent with extensive
studies of sedimenting hard sphere systems �44–46�. As the
particle volume fraction increases, suspensions are observed
to first undergo a disorder-order transition when the volume
fraction exceeds �sed=0.495 and then form random glassy
structures as the glass transition volume fraction is ap-
proached ��sed�0.58�. Pusey and co-workers studied the ef-
fect of gravity on the structure of colloidal dispersions �46�.
For dilute samples ���0.25� left for several weeks, crystals
grew from the bottom of the cell due to the slow gravita-
tional settling of particles.

In the presence of attractive interactions, sediments form
by two distinct paths. At low nonadsorbing polymer concen-
trations, insufficient attractive forces restrict the size of ag-
gregates in the presediment. Similar to hard-sphere deposi-
tion, single particles and small aggregates �mainly doublets�
settle individually. However, the short-range attraction leads
to the formation of bonds between particles in the sediment,
causing a restriction in their motion that results in a structure
with small voids. These structures form below Ccrit, the poly-
mer concentration that demarcates dense sediments from
more open sediments in Table I. In contrast, at high polymer
concentrations �CP
Ccrit�, the strong attractive forces cause

the rapid formation of large clusters. Aggregates grow by a
sweeping mechanism �19,29�, enhanced by the fact that clus-
ters of different size sediment at different rates �47,48�. As
large clusters arrive at the bottom of the container, they con-
tinue to pile up, forming the bond between particles in con-
tact. They do not rearrange easily, leaving many large voids
in the sediment.

Not surprisingly, there is a strong correlation between the
formation of large aggregates in the presediment and the
polymer concentration Ccrit that marks the boundary between
dense sediments and more open structures. The sediment
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FIG. 11. The relationship between the presediment and sediment
microstructure. Sediment structures are distinguished as the follow-
ing: ��� glassy and partially crystalline layers with �sed�0.517;
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cates −Umin/kT=1.
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structure can be identified by the initial volume fraction and
polymer concentration that results in the formation of aggre-
gates larger than approximately ���m /a=4 before reaching
the bottom of the container. Using Eq. �4�, we plot CP in Fig.
11 for values of �0 that satisfy this condition. Figure 11
shows that the transition from dense to less dense sediments
based on the presediment structure is in excellent agreement
with Ccrit.

C. Longtime compaction of sediments

The density mismatch between particles and solvent leads
to gravitational stresses in the sediment layers, which results
in further compression. As demonstrated by the change in the
sediment volume fraction �Table I�, bond number distribution
�Fig. 8� and bond angle distribution �Fig. 10�, the degree of
compaction depends strongly on the polymer concentration.
For CP
Ccrit, gravity-driven compaction takes place slowly,
if at all, due to the high bond strength, whereas in weakly
attractive gels and glassy sediments �0�CPCcrit�, signifi-
cant compaction occurs. The dependence on the attraction
strength again reflects the typical lifetime of a depletion
bond, as discussed earlier. It is interesting to note that the
bond strength plays a much greater role in compaction than
the structure of the sediment. Increasing polymer concentra-
tion leads to more free volume in the sediment and a greater
number of weaker points, such as singly connected bonds, as
indicated by the broader distribution of bond angles. None-
theless, these more tenuous, but stronger sediments exhibit
very little compaction.

Although the sediment layers are found to compact under
gravity, we cannot directly identify individual rearrange-
ments in the structure during this process. It appears that the
compaction is occurring via extremely small rearrangements
that are difficult to track over extended periods of time. Per-
haps this is not surprising given the short range of the attrac-
tion induced by nonadsorbing polymer and the fact that the
force is highest for particles in contact. Only small changes
in separation between particles are required to form or break
stress-bearing bonds.

V. CONCLUSIONS

In this work, we have investigated the effect of the sedi-
mentation on colloidal aggregation. The experiments enabled
us to track the development of structure from aggregation in
solution to the formation of sediment layers. The nature of
the growing structure during sedimentation suggests a depen-
dence on the sticking probability of the colloid-colloid
bonds. The functional form that described the growth of ag-
gregates in the presediment is identical to recent theories of
activated barrier hopping in attractive colloidal systems. Pre-
viously, this behavior was observed in the delayed sedimen-
tation of colloidal gels. The early aggregation behavior de-
termined the final structure of the suspension, and provides a
means for controlling the porosity of the sediment through
the void structure, and the aging properties of the sediment.
Finally, we found that compaction and rearrangements in the
sediment correlate strongly with the depth of attraction, but
not with the sediment structure.

Several interesting questions remain for the aging stage
where the mechanical properties of the sediment have to be
considered. External forces and fields, including gravitation
and shear deformation, lead to microstructural transitions
that depend on the nature and strength of interparticle inter-
actions and on the connectedness and topology of the gel.
Characterizations of the microstructure and its response to
perturbations enable us to understand and control the rheol-
ogy of gels. In the silica sediments investigated here, how-
ever, it was impossible to directly track the structural defor-
mation and small rearrangements that lead to compaction. A
possible means to overcome this challenge is through the use
optical or magnetic tweezers, which provide a tunable exter-
nal force to probe the microscopic mechanical processes in
colloidal glasses and gels �49,50�.
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