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An amorphous sediment of charged colloidal particles in a nonaqueous solvent was prepared by 
centrifugation. The evolution of sediment height and volume fraction profile to equilibrium were 
studied with light scattering. A simple sedimentation-diffusion equation allows the experimental 
data to be modeled quantitatively. The top of the sediment crystallizes within a week, whereas 
the lower part of the sediment does not show any sign of crystallization after several months, 
indicating a strong concentration dependence of crystallization rate. 

1. INTRODUCTION 

Detailed information about the thermodynamic prop- 
erties of colloidal dispersions is contained in the concen- 
tration profile at sedimentation eqnilibrium. Perrin made 
use of this to determine Boltzmann’s constant from the 
barometric height distribution of noninteracting particles. ’ 
More generally, information about particle interactions 
can be obtained from a measured concentration profile24 
and it is possible, in principle, to extract the osmotic equa- 
tion of state.5 In the present work, the relaxation of a com- 
pressed sediment towards equilibrium is studied. Besides 
information about the equation of state, this also gives in- 
sight in the diffusion and crystallization behavior of a con- 
centrated suspension. 

As was shown first by Einstein,6 the diffusion coeffi- 
cient is equal to a mobility multiplied by the derivative of 
osmotic pressure with respect to density. Once the osmotic 
equation of state is known from the equilibrium concen- 
tration profile, information about the mobility can, in prin- 
ciple, be obtained by studying the relaxation of the concen- 
tration profile towards equilibrium. The feasibility of 
obtaining the osmotic equation of state directly from a 
measured concentration profile has been demonstrated 
with computer simulations by Barrat et al5 The applica- 
tion of this method to colloidal dispersions will, however, 
depend on an accurate measurement of the concentration 
profile. An alternative procedure, also incorporating the 
time evolution of the concentration profile, is to start from 
model expressions for the equation of state and the mobil- 
ity. A sedimentation-diffusion equation can then be con- 
structed from which the concentration profile as a function 
of time is calculated. A comparison with experimental pro- 
files then serves to test the model expressions. This has 
been done by Davis and Russel for the settling of hard 
spheres.‘*’ 

In dispersions of spherical particles that are sufficiently 
monodisperse, crystallization may occur on increasing con- 
centration (see, for instance, Ref. 9). When a sediment of 
such particles is formed, starting from a homogeneous dis- 
persion, a crystalline phase can grow provided that the 
sedimentation rate is not too high compared to the crys- 
tallization rate. For hard spheres, this has been treated 
quantitatively using a sedimentation-diffusion equation” 
and observed experimentally. * ‘*12 For charged particles, 

the formation of an ordered sediment has also been ob- 
served. l3 

In this work, we extend the sedimentation-diffusion 
model of Davis and Russel to describe a dispersion of 
charged particles. We apply this model to an amorphous 
sediment of charged colloidal particles in a nonaqueous 
solvent. The sediment is produced by centrifugation and 
then relaxation under normal gravity is studied. In one 
week the sediment expands and crystallization occurs in 
the top layer of the sediment. Light scattering is used to 
monitor sediment height and structure as a function of 
time. 

To calculate the equilibrium density profile, the os- 
motic equation of state of the dispersion needs to be 
known. For the particles used here, the interaction poten- 
tial contains two important contributions: a hard-core 
repulsion at contact and a long-range repulsion due to 
electrostatic interactions. On the one hand, the thermody- 
namic properties of hard spheres have been studied exten- 
sively. Of particular relevance here is the work of Wood- 
cock on the equation of state of the (metastable) 
disordered phase at high density.14 On the other hand, the 
properties of point particles interacting via a screened Cou- 
lomb repulsion (a Yukawa potential) have been studied 
theoretically15 and by computer simulation.16’17 For our 
particles both the long-range repulsion and the hard-core 
interaction need to be taken into account. We therefore 
present a simple hard-sphere perturbation theory pertinent 
to our particles. It is incorporated in a sedimentation- 
diffusion equation in Sec. II to calculate the dynamics of 
expansion as well as the equilibrium profile. 

The experimental procedure is described in Sec. III 
and the structure factor of the sediment as function of 
height and time is presented in Sec. IV. In Sec. V experi- 
mental data are compared with the sedimentation- 
diffusion model. Finally, some remarks about the sediment 
structure are made in Sec. VI. 

II. THEORY 

A. Diffusion equation 

In this section a diffusion equation for interacting par- 
ticles in an external force field is obtained using irreversible 
thermodynamics.2~‘8~‘9 A detailed discussion of the appli- 
cation of this equation to the sedimentation of hard spheres 
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FIG. 1. Schematic of the sample. 

has been given by Russel and co-workers.20 This equation 
applies to the present case of an expanding sediment as 
well. 

We consider a sediment of height h, contained in a 
liquid volume of height H (see Fig. 1). The change of 
particle number density p with time t’ is given by 

aP &J=--gpbx-, (1) 

where the flux J is the density multiplied by the mobility b 
and the driving force X. This driving force is the sum of 
the gravitational force and the Brownian force, expressed 
here as a function of the osmotic pressure of the particles, 
II: 

(2) 

In the following, we assume that the particles are mono- 
disperse spheres of radius a and density pp suspended in a 
liquid of density po. Then, 

Fg=$ ~a3(pp--po>s, (3) 

where g=9.81 rnsm2 is the gravitational acceleration. The 
mobility is written as function of the volume fraction 
$= 4 ra3p and solvent viscosity q, 

b(#)+$ _ __ (4) 

The function K(4) depends on particle interactions. At 
infinite dilution K= 1. Using Eqs. (2)-(4) and defining the 
compressibility factor Z= WpkBT (with temperature T 
and Boltzmann constant k,) Eq. ( 1) becomes 

bT$PZ(d) 1$-p&! (5) 

Introducing the P&let number Pe=F&I/kBT and switch- 
ing to reduced variables 

x=h/H, t=t’F#O)/H, 

a dimensionless equation is obtained from Eq. (5), 

a4 a ~(4) a4 -=- at ax ( 
--+x($)), Pe ax o<x< 1. 

The dimensionless ditfusivity O(o) is given by the gener- 
alized Stokes-Einstein equation 

d 
D(9) =w-pw~ I. 

At the boundaries x=0 and x= 1 the flux should be zero; 

A44 =W(4) - D(4) a4 rz=O, x=0 or 1, t>O. 
(8) 

To complete the problem, the initial density profile 
$(x;t=O> has to be specified. 

B. Charged particles 

To solve Eq. (6)) expressions are needed for Z( (p) and 
K(4) of charged, spherical particles surrounded by an 
electrical double layer. The pair interaction of such parti- 
cles is given by the Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory.21 When van der Waals forces are ne- 
glected, which is reasonable in this case since the particles 
are in a refractive index-matching solvent, a purely repul- 
sive potential remains. This potential consists of a hard 
repulsion due to the core particles and a more slowly de- 
caying double layer interaction. When the cores are treated 
as point particles a Yukawa potential results. This approx- 
imation is expected to be valid at low particle densities. 
Tejero et al. l5 have recently described a procedure for cal- 
culating the compressibility factor for Yukawa particles. 
They use the Rogers-Young integral equation for the fluid 
phase and a hard-sphere perturbation theory for the solid 
phase. 

In the present case, however, the particles form a dense 
sediment and the point-particle approximation is likely to 
break down.22 We therefore develop a simple hard-sphere 
perturbation theory separating the pair interaction into a 
hard-sphere repulsion Vu, and a double layer repulsion 
vDL ; 

v= VHS + VDL , 

vHS= =‘, r<u=2a, 

VHs=O, r>c+. 

(9) 

More accurate results would probably be obtained by using 
the sophisticated prescription for splitting up the pair po- 
tential in Ref. 23. In our study the double layer thickness 
K-I is thin compared to the particles, so Ka>l. The inter- 
action of two spherical double layers is then approximated 
by” 

vDL=Ch(l+e- K(T--IT) 1, r>a, 
(10) 

where q. is the surface potential and eeo the dielectric 
permittivity of the solvent. Both K and r/O are taken to be 
constants but will depend on 4 in general, for instance, K-~ 

will decrease with $ due to the increasing counter ion con- 
centration. 

The configurational part of the partition function of iV 
particles in the canonical ensemble is given by 

-P[ VI.&?+ ~d’?ld~, (11) 
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where rN represents all 3 N particle coordinates. The cal- 
culation of the integral can be simplified considerably by 
approximating Vm(rN) by its value in a static lattice, 
( bdrN) >,. l5 Using P=kBTa In( &,r)/aV, we obtain 

z=zHS+ 
Initially, the rapidly formed sediment is amorphous. For 
hard spheres, the compressibility factor is then approxi- 
mated byI 

where the Bernal glass density is used, &=0.64. To cal- 
culate the double layer interaction, we assume each particle 
to be surrounded by n neighbors at the same distance r, so 

The gravitational force on the particles is balanced by an 
(14) osmotic pressure increase with height in the sample, giving 

the boundary condition 

For Ka> 1 it is sufficient to consider nearest neighbors only. 
At close packing (4=&J, we assume that the particles 
touch, (T= r, , which leads to the scaling 

. (15) 

Substitution of Eqs. (13)-( 15) in Eq. (12) yields 

Kr pdr~--O) 
Z(4) = 2++ l;e-“(rn-u) _ 

m 

with p= l/kBT. For the amorphous system n= 12 is 
taken.24 The same value would apply to an fee crystal. In 
order to apply the same equations to an fee crystal, the 
only change would be to put $,=0.74.25 

(16) 

When 4 (0) cannot be neglected, an iterative procedure can 
be adopted to obtain 4 ( 1) . 

Although this derivation supposes that the particles 
are in a dense packing, it is assumed that the resulting 
density profiles are determined mainly by the compressibil- 
ity factor at high densities so Eq. ( 16) may be used at all 
4. Furthermore, the change of the compressibility factor as 
the sediment crystallizes is neglected. As the fee crystal has 
+,=0.74, this change may be important at high 4. This 
will be discussed later. 

It still remains necessary to specify K(4). Even for 
hard spheres this is not a trivial problem. An empirical 
expression providing reasonable results over the entire vol- 
ume fraction range for hard spheres is 

m4)=(1-$)Y (17) 

with v=4.9.26 For charged particles K is expected to show 
a different behavior,27128 going down more steeply at low 
concentrations but approaching the hard-sphere result 
again at higher concentrations. In the present study, we 
still use Eq. ( 17)) with Y as an adjustable parameter. It has 
been tacitly assumed that friction due to the electrical dou- 
ble layer may be neglected. 

TABLE I. Model parameters. 

Pe 
KU 

;: 
Y 

1.2x104 
14 

0.155 
2.3~ 10’ 

6 

C. Model predictions 

Starting with an initial density profile its time evolu- 
tion can be calculated from Eq. (6). An equation for 
the equilibrium profile is obtained by putting d4/dt=O in 
Eq. (6): 

(18) 
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d(l>z[~(l)l-~(O)Z[~(O)l=~~Pe, (19) 
where & is the overall particle volume fraction (the total 
volume of all particles divided by the available volume). 
For high Pe and low +c it is safe to neglect 4(O) and Eq. 
( 19) can be solved for $( 1). The density profile is then 
given by 

I 
%?I 4 Ml--x1= +,-++3 ln4m-+-2flC 

( 
3Kr,-3 ln(1 

The parameters used to model the experiments are 
given in Table I. The values of Pe, KU, and #e were kept 
fixed, whereas C and Y were adjusted to fit the experimen- 
tal data as described later. In Fig. 2 the effect is shown 
of varying PC, the dimensionless surface potential. For 
Pe = 1.2 X lo4 the volume fraction changes rapidly near the 
top of the sediment for hard spheres (C=O). As C is in- 
creased, the profile becomes more extended and the volume 
fraction changes less abruptly. Nevertheless, the volume 
fraction always changes rapidly near the top of the sedi- 
ment. 

To model the experimental situation, the expansion of 
a compressed sediment, the equilibrium profile was calcu- 
lated using the parameters given in Table I but with Pe= 6 
x lo6 (corresponding to centrifugation~ at 500 g). The re- 
sulting volume fraction profile was almost a step function. 
It was used as initial profile. The time evolution at Pe= 1.2 
X lo4 was then obtained by numerically integrating Eq. 
(6) with a resolution AX= 5 x 10m6 and relative accuracy 
in the time direction 10M5. As is shown in Fig. 3 the ex- 
pansion begins at the top of the sediment and then pro- 
gressively extends lower into the. sediment. The profiles at 
t= 10 and at equilibrium are almost indistinguishable. 
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FIG. 2. Calculated equilibrium density profiles for Pe= 1.2~ 104, K(T= 14, 
and +,=0.155. The solid line has /X’=O and the four dashed lines have 
/3C=50, PC= 100, /?C=200, and /3C= 500. 

111. EXPERIMENT 

Particles with laboratory code SCAlS(O)TPM were 
synthesized according to Ref. 29. Particle properties are 
listed in Table II. An estimate was used for the specific 
weight of the particles since the amount of particles was 
not sufficient for an accurate measurement. Analytical 
grade solvents were used as received. The particles were 
dispersed in a mixture of ethanol and toluene in which the 
particles were nearly refractive-index matched, such that 
the first minimum of the particle form factor P(K) was at 
wave vector K= 1.2X lo7 m-l. In this way the form factor 
minimum did not interfere with the measurement of any 

o.7 I - 

0.0 I I I I I 
0.5 0.6 0.7 0.6 0.9 1.0 

FIG. 3. Expansion of a sediment compressed at Pe=6~ lo6 for the pa- 
rameters given in Table I. Solid lines are calculated from Eq. (20) and 
dashed lines from numerical integration of Eq. (6). (a) t&Q (b) tc0.01; 
(c) t=O.l; (d) t=l; (e) t=iO; (f) equilibrium. 

TABLE II. Sample properties. 

Solvent Composition 0.74/0.26 (w/w) 
toluene/ethanol 

Density po=0.846 gfml 
Refractive index nD= 1.4583 

it&$,= 1.4550 
Dielectric constant E= loa 
Viscosity 17=0.7 CPb 
Temperature T=293 K 

Particles Laboratory code SCAlS(O)TPM 
Radius a=353 nm= 
Polydispersity 6% 
Density p,=2.0 g/ml* 
Freezing volume fraction q5po.159 
Melting volume fraction $,=0.167 

Sample Volume fraction +0.155 
Volume 1.90 ml 

‘Estimated. 
bFrom Ref. 31. 
cDetermined by static light scattering in ethanol. 

structure factor peaks in the sediment. Volume fractions 
were calculated using the solid content of the sample and 
the densities given in Table II. 

The phase behavior was studied by vortex mixing a 
sample to destroy all crystal&s present and noting its 
aspect after 1 h. At later time bulk sedimentation occurred. 
At 4 > 0.18 no crystallization was visible after 1 h. For 
0.167 < 4 < 0.18 crystallites formed homogeneously 
throughout the sample; near the meniscus, larger crystal- 
lites were visible in some cases. Below the melting concen- 
tration, +M=O. 167, the crystallites occupied only a part of 
the total volume. Measurement of the crystalline volume 
fraction was complicated by a more dense crystalline layer, 
formed at the bottom due to sedimentation. At the freezing 
point #,=0.159 only a dense crystalline layer at the bot- 
tom of the sample was seen, which is ascribed to sedimen- 
tation followed by crystallization. 

The static light scattering setup allowed simultaneous 
niea%;lfTiement at scattering angles 8 ranging from 17” to 
156” with a resolution of 1”. Details can be found in Ref. 30. 
Samples were prepared in cylindrical round-bottom cu- 
vettes of 1.0 cm diameter. Light with a wavelength 
il= 647.1 nm from a Spectra Physics Series 2000 Krypton 
ion laser was used. The incoming laser beam was attenu- 
ated to 20 mW and focused onto a spot of about 0.1 mm 
diameter on the sample to obtain a sufhcient height reso- 
lution To improve statistics the sample was rotated at 0.02 
Hz and measurements were averaged over an integer (2-5) 
number of revolutions. A micrometer screw permitted 
height adjustment of the sample with an accuracy of 0.01 
mm. The thermostatting bath was filled with cycle-octane 
and kept at 20 “C. This liquid was chosen since the refrac- 
tive index (n2’ 647=1.4558) was very close to that of the 
sample, thus reducing smearing of the scattered intensity. 
The background intensity was measured in the clear liquid 
above the sediment and substracted. After the experiment 
the sample was shaken gently to produce a dilute disper- 
sion above the sediment. The scattered intensity of this 
dispersion was used as form factor of the particles. Assum- 
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FIG. 4. Form factor of the colloidal particles in ethanol-toluene mixture. 

ing that multiple scattering was avoided by refractive index 
matching, the structure factor in the sediment was calcu- 
lated from 

I(K) aS(K)P(K). :211 

The form factor of the particles in the ethanol-toluene mix- 
ture is shown in Fig. 4. At large wave vector the curve is 
distorted due to stray light, for instance light scattered 
from the thermostatting bath wall. The last 20 channels 
have therefore been omitted in further analysis. Inside the 
sediment the concentration is not known so the measured 
S(K) contains an unknown proportionality factor. There- 
fore no effort was made to measure absolute intensities. 

IV. EXPANDING SEDIMENT 

A sample was prepared just below the freezing concen- 
tration, at +o=0.155. After vortex mixing a sediment was 
formed by centrifugation at 500 g for 30 min. The sample 
was transferred to the light scattering setup and scattering 
curves were measured at several heights in the sediment 
during one week. The position of the top of the sediment 
was noted as well; scattering curves were taken at fixed 
distances from the top of the sediment. 

First some qualitative remarks about the expanding 
sediment are made. Before the sample was put in the scat- 
tering apparatus, it had a homogeneous appearance but a 
thin layer ( -0.1 mm) of crystallites was visible at the top 
of the sediment. The sediment was seen to expand, rapidly 
during the first hours and then gradually more slowly. 
Starting the experiments 10 min after centrifugation, the 
sediment expanded in total by 1.7 mm after which the 
height remained constant. At the same time crystallites 
were seen, both visually and by light scattering, to grow in 
the upper region of the sediment. After one week the top 
2.3 mm of the sediment contained crystallites. Even after 
many months the thickness of the crystalline layer did not 
increase visibly. Careful inspection showed, however, that 
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FIG. 5. Scattering curves at h-h,=O.S mm for time after centrifugation 
10 min (lower); 1 h, 1.5 h, 4.5 h, 5.5 h, 7 h, 10.3 h, 25 h, 31 h, and 197 
h (upper). Successive curves are shifted by 1.5. 

under certain angles Bragg reflections did become visible in 
the lower part of the sediment. This was probably due to 
ordering against the glass wall. 

The development of structure 0.8 mm below the top of 
the sediment is shown in Fig. 5. Because S(K) is measured 
in arbitrary units In S(K) is plotted to allow direct com- 
parison of peak shapes. At KZ 1.2~ lo7 m-l a small peak 
is visible that, contrary to the other peaks in S(K), does 
not shift in time. At the same wave vector P(K) is a min- 
imum. Probably some multiple scattering occurs that 
causes this peak in S(K), as calculated with. Eq. (2 1) . In 
the first experiment ( 10 min after centrifugation), a glassy 
structure is observed, dominated by a broad first peak at 
Kaz4. Within 1 h crystallization is seen to occur. The first 
peak in S(K) becomes more narrow and new Bragg peaks 
appear at higher wave vector. After 4.5 h the structure 
seems to remain essentially unchanged. Closer inspection 
reveals that the Bragg peaks continue to shift towards 
smaller wave vector. This can be explained by the continu- 
ing expansion of the sediment. The sediment structure will 
be analyzed in more detail in Sec. VI. 

In Fig. 6 a scan through the sediment is shown, 197 h 
after centrifugation. Crystalline peaks are seen in the top 
2.3 mm of the sediment. Lower in the sediment a glassy 
structure is present. The structure factor peak continues to 
shift to higher wave vectors lower in the sediment, indicat- 
ing an increase in particle density. 

Apparently crystallization is very slow at high volume 
fraction. As a further test a second sample similar to the 
first one was prepared. After centrifugation the superna- 
tant was removed and the sample sealed. Using the model 
described in Sec. II, the overall volume fraction was esti- 
mated to be 40=0.60 with H= 7 mm ( 4. is slightly lower 
than the maximum density, $,=0.64, since a rapid initial 
expansion takes place during the first minutes after centrif- 
ugation). Due to gravity a density gradient developed in 
this sample, but expansion could not take place. The pres- 
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FIG. 6. Scan of the sediment structure 197 h after centrifugation at h-h, 
4.3 mm (lower) to 0.8 mm (upper) with increments of 0.5 mm. Succes- 
sive curves are shifted by 1.5. 

ence of a gradient was demonstrated by a height depen- 
dence of K, in the top 2 mm of the sediment. Even after six 
months the bulk of this sample did not show signs of crys- 
tallization. Again very weak Bragg reflections could be 
seen under certain angles, probably due to ordering against 
the cell wall. This sample was not fluid and was probably 
already in a glassy state. The equilibrium concentration 
profile for this sample, calculated with Eq. (20), had $ (0) 
=0.51 and d( 1) -0.64. 

V. COMPARISON WITH DIFFUSION MODEL 

In order to compare the experiments to the model of 
Sec. II, the model parameters have to be determined. As 
the sample had a round bottom the model (Fig. 1) was not 
applicable strictly. We neglect this difference and take the 
sample to be cylindrical with an equivalent height H~24.2 
mm obtained by dividing the total sample volume by the 
cross section of the sample tube. The position in the sample 
corresponding to x= 1 was not known accurately due to 
this procedure and was taken as an adjustable parameter. 
An alternative choice would be to let x= 1 correspond to 
the absolute bottom of the sample. This would be the most 
proper choice to describe the sedimentation equilibrium. 
However, in this way the total amount of particles would 
be incorrect, since the corners of the rectangular cell used 
in the model would not be present in the round-bottomed 
tube used in the experiment. From the data in Table II 
Pe=1.2x104 and the unit of time H/F$(O)=15.0 h. 

To reproduce the total sediment expansion, starting 10 
min after centrifugation, PC=23 X lo2 had to be chosen 
[using Eq. ( 11) this corresponds to qo= 69 mv]. The offset 
for the height of the sample was then chosen such that the 
top of the sediment at long time would coincide with the 
calculated value. Numerically, the top of the sediment, xt, 
was chosen such that $(xt) = 10m6. As shown in Fig. 7 the 
calculated curve for ~=6 fits the experimental data rather 
well. The diffusivity D(4) for the parameters given in Ta- 

0.66 : 
0.0 1 Oil 1 10 100 

FIG. 7. Position of top of sediment, xt, as a function of time after cen- 
trifugation. Circles: experiments. Solid line: calculated results for param- 
eters shown in Table I. 

ble I is compared with the corresponding hard cores (PC 
=0) in Fig. 8. Whereas D(4) becomes large for hard 
spheres only near $=&, it is large at intermediate 4 as 
well for charged spheres. 

The measured structure factor provides information 
about the volume fraction. For a closed-packed structure 
(fee, hcp, or a random mixture of these) the relation be- 
tween the volume fraction and the wave vector of the first 
Bragg-peak, K, , is 

(p= (2/9 &7) (Kla)3. (22) 
A different equation is needed for an amorphous structure. 
At present we do not have such an equation available and 
Eq. (22) will be used at all densities. 

In Fig. 9 the calculated equilibrium profile is compared 
with experimental data taken 197 h after centrifugation. 

300 I I I I I I, I , ;, , , 

* 

01 ,-/I 
, _- - , e__-i__-~ _ I , 

0.0 0.1 
,--,- , , 7 , , 

0.2 0.3 0.4 0.5 0.6 0.7 '. 
cp 

FIG. 8. Dimensionless diEusivity D(4) for parameters given in Table I 
(solid line) and for the hard cores only (dashed line). 
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FIG. 9. Equilibrium profile. Solid line, calculated using parameters in 
Table I; dashed line, crystalline top layer and amorphous bottom layer 
with parameters as in Table I but with /3C=275. Data taken 197 h after 
centrifugation and analyzed with Eq. (22). Circles, crystalline structure; 
asterisks, amorphous structure. 

The four scattering curves taken deepest inside the sedi- 
ment did not show any Bragg peaks (see Fig. 6). The use 
of Eq. (22) is therefore doubtful for these four curves and 
the corresponding volume fractions are indicated with as- 
terisks in Fig. 9. These four experimental points are found 
to lie much above the predicted volume fraction profile. 

The particles studied here are charged and, therefore, 
they will tend to be apart as far as possible. In a close- 
packed crystalline arrangement each particle has 12 iden- 
tical neighbors in the first coordination shell. In a random 
(glassy) arrangement the packing is less efficient and at 
equal volume fraction the particles will be less far apart 
than in the crystal. The location of the first structure factor 
peak will be determined by this interparticle spacing and 
therefore it can be understood qualitatively that the vol- 
ume fraction calculated with Eq. (22) is too high for a 
glassy structure. 

The scattering curves taken in the top layer of the 
sediment show Bragg peaks and therefore the use of Eq. 
(22) seems more appropriate. The volume fractions thus 
obtained, indicated with circles in Fig. 9, agree rather well 
with the predicted volume fractions. 

So far, all volume fraction profiles have been calculated 
using Eqs. (15) and (16). When crystallization occurs, a 
different expression for the osmotic pressure is needed. As 
already mentioned in Sec. II, it is sufficient here to use the 
old equations with &=0.74 (for a close-packed struc- 
ture). The osmotic pressure at equal volume fraction will 
then be lower than in the amorphous structure. In an at- 
tempt to improve on the description of the sediment, this 
crystalline equation of state was used for the top 2.3 mm of 
the sediment. The result is shown in Fig. 9 (dashed line). 
A slightly higher value for the dimensionless particle 
charge had to be used (pC=275) to obtain the same total 
sediment volume as before. At the boundary between the 
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FIG. 10. Experimental and calculated volume fraction vs time contours 
for h - h,= 0.8 mm (circles and solid line), 1.3 mm (squares and medium- 
dashed line), and 1.8 mm (triangles and dashed line). 

crystalline and the amorphous structure the volume frac- 
tion profile is discontinuous, since the osmotic pressure has 
to be the same on both sides of the boundary. 

This approach is seen to produce a slightly better de- 
scription of the top of the sediment (note that the offset for 
the x value of the data is uncertain so only the shape of the 
(p-x curves should be compared). However, in Fig. 6 it 
can be seen that the transition between crystalline and 
amorphous structures is not sudden but rather gradual in 
fact. Furthermore, the crystalline layer is almost absent at 
the beginning of the experiment and grows while the ex- 
pansion takes place. Therefore, a realistic description of the 
sediment appears to be very complicated. At the beginning 
of the experiment, the sediment is mainly amorphous and 
the equilibrium volume fraction profile is reproduced 
rather well by the amorphous equation of state. Therefore, 
we will use this equation of state below for the calculation 
of the time evolution of the volume fraction profile. 

The calculated volume fraction profile drops steeply 
from 0.25 (inside the crystalline region) to zero. This ex- 
plains the observation that crystallites are seen at the top of 
the sediment. For similar but smaller (a - 200 nm) parti- 
cles a thin turbid layer has been observed on top of the 
crystalline sediment. For these particles the model predicts 
a much less steep decay of the volume fraction near the top 
of the sediment and a-layer of about 0.5 mm exists where 
4 < 0..13, the volume fraction of the coexistent crystal for 
these particles.31 

The change of volume fraction with time at three val- 
ues of h-h, is shown in Fig. 10. Calculated curves and 
experimental data agree quantitatively only near the top of 
the sediment and at long times. Again this is probably due 
to the limited applicability of Eq. (22). 

VI. SEDIMENT STRUCTURE 

To obtain information about the structure of the sedi- 
ment, a comparison is made with calculated structure fac- 
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FIG. 11. Calculated S(K) for cubic crystallites with an edge of 20 unit 
cells: (a) hcp, (b) fee, and (c) fully disordered mixture fcc/hcp. Exper- 
imental curves taken at h--h,=1.3 mm. (d) Expanding sediment after 
197 h and (e) sediment formed at 1 g. For comparison, wave vectors are 
normalized on 4. 

tom. For hard spheres the equilibrium crystal phase is of- 
ten quoted to be fee but the free energy difference between 
fee and hcp is negligible.32 For Yukawa particles a bee 
structure may form instead of fee (or perhaps hcp) when 
the interaction range is long and temperature ~ow.‘~-‘~~~~ 
For the type of particles used here the interaction is 
screened to such an extent that a close packed structure is 
observed always. 

For colloidal hard spheres it has been found that, at 
high volume fraction, crystallization may produce a struc- 
ture intermediate between fee and hcp stacking, for which 
the arrangement of close-packed layers is (partially) dis- 
ordered.34 Crystals grown slowly show a tendency towards 
fee stacking. 

To test the possibility of stacking disorder in the sedi- 
ment structure factors have been calculated for a cubic 
crystalline with an edge of 20 unit cells, which for the 
particles used here corresponds to 25 pm at $ = 0.4. In Fig. 
11 results are shown for fee, hcp, or a fully disordered 
stacking; for comparison with experiments In S(K) is 
drawn. These structure factors are averaged over all crystal 
orientations.35 The fully disordered stacking produces 
Bragg peaks only for K values where both fee and hcp 
would give a peak. In Fig. 11 experimental data are shown 
at h-h,= 1.3 mm for the expanding sediment after 197 h 
as well as for a sediment formed under normal gravita- 
tional settling from a homogeneous dispersion. The struc- 
ture of the expanding sediment resembles most the fully 
disordered structure. The scattering curve of the sediment 
formed at 1 g is slightly different. In particular, a peak at 
K/K, = 1.1 is present, indicating fee stacking. Unfortu- 
nately, the quality of the experimental data does not allow 
a detailed comparison with calculated structure factors. 

The gravitational field will compress the crystals, thus 
the lattice parameter will become anisotropic. In addition 

to this the density gradient near the top of the sediment 
may influence the crystallization process. The importance 
of such effects can be assessed by measuring light scatter- 
ing, not only in the horizontal plane, but also in a vertical 
plane. Our experimental setup does not allow for such 
measurements. As judged from visual observations the 
crystallites did not have any preferred orientation. 

VII. DlSCUSSl0.N AND CONCLUSIONS 

As can be seen in Fig. 2, the particle charge (or surface 
potential) has a large effect on the equilibrium sediment 
density profile. The experimental data were fit reasonably 
well with pC=230. Using Eq. ( 11) this corresponds to 
rb6Z=690mJ+~;;7similar dispersions &, has been reported to 

. ’ Note, however, that assumptions leading 
to Eq. ( 16) are compensated for by adjusting C. It would 
therefore be desirable to test Eq. (16) against results of 
more realistic calculations or computer simulations. Then 
a quantitative comparison with experimental data becomes 
possible. 

Experimentally, it is known that, for a given particle 
size (or P&let number), the fluidity of a sediment is a 
rough indicator of the presence of charges on the particles. 
This can be understood from the marked dependence of 
the density profile on particle charge, predicted here. 

The overall expansion velocity of the sediment is de- 
scribed rather well with ~=6. Therefore the overall mobil- 
ity is only slightly lower than for hard spheres, where 

-~=4.9 was found to provide reasonable results at all vol- 
ume fractions. 26 The lower mobi * y ht is expected, since the 
long-range repulsion of charged particles keeps them fur- 
ther apart on the average than hard spheres, causing a 
stronger friction due to back flow of solvent. Note that the 
functional form of Eq. ( 17) is not really suited for charged 
particles; at low volume fraction the decrease of K with 4 
is much steeper than predicted with Y= 6.27S28 Whereas the 
overall mobility of these charged particles appears to differ 
little from that of hard spheres, the diffusivity D(4) is 
much larger (Fig. 8) due to the higher osmotic pressure. 

Near the top of the sediment crystallization occurs. 
Lower in the sediment (h-h,> 2.3 mm) no evidence of 
crystallization is seen after one week (Fig. 6). Using Fig. 9 
the part that does not crystallize would correspond approx- 
imately to $>0.45. When the sample is kept for a few 
months the crystalline layer remains clearly distinct from 
the lower part of the sediment and the thickness does not 
increase noticeably. This compares well with the experi- 
ment with the concentrated, sealed sample; it did not show 
crystallization after six months at calculated 4 > 0.5 1. Ap- 
parently, the growth of crystals in the bulk of the sample 
becomes extremely slow at 4 -0.45. Nevertheless weak 
Bragg peaks are seen to develop in the lower part of the 
sediment at long times, probably due to ordering against 
the glass wall. This suggests that although crystallization 
may be very slow, it has not stopped altogether. It has been 
noted previously by several authors that crystallization ki- 
netics in concentrated colloidal dispersions are very con- 
centration dependent and that the optimum concentration 
is near the melting concentration.36’38’39 
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The structure factors indicate that the crystals grown 
in the sediment after centrifugation consist of a random 
stacking of close packed layers, whereas the structure pro- 
duced at 1 g shows indications for fee stacking. 

The sedimentation-diffusion equation presented here 
does not take into account crystallization. As a rough in- 
dication of the effect of crystallization, for 4 w 0.3 the value 
of 2 calculated with Eq. (16) would be lower by a factor 
of 2 for the fee crystal compared to the amorphous struc- 
ture. The effect of crystallization on the equilibrium vol- 
ume fraction profile is discussed in Sec. V and a calculated 
profile is shown in Fig. 9. The degree of ordering is a 
function of height in the sample as well as of time. There- 
fore, a more realistic description of the sediment is hard to 
achieve. 

More information about the density profile can be ob- 
tained from the present data when an accurate expression 
for S(K) of a concentrated, disordered suspension of 
charged particles is available. For a quantitative compari- 
son with calculated density profiles all particle properties, 
including the double layer parameters, would have to be 
determined in an independent way. Better techniques exist 
for the measurement of density profiles, such as x-ray at- 
tenuation,8 but then no information about structure is ob- 
tained. Such techniques would allow a quantitative test of 
the expressions for the osmotic equation of state and the 
mobility. 

In summary, we have presented a light scattering study 
of the expansion of a compressed sediment of charged 
spheres. A sedimentation-diffusion equation is used that 
gives an almost quantitative description of the time evolu- 
tion of the volume fraction profile. Crystallization occurs 
only near the top of the sediment due to the strong con- 
centration dependence of this process. 
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