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PACS. 82.70D - Colloids.
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Abstract. - Binary mixtures of suspended, nearly hard-sphere, sterically stabilized colloidal
silica particles of diameter ratio 6 were observed to phase-separate at comparable volume
fractions of the two particle species. The occurrence of phase separation as a function of the
particle concentrations was studied visually and by small-angle light scattering. The results
support recent predictions by Biben and Hansen.

Introduction. - Until recently it was generally believed that hard-sphere mixtures do not
phase-separate into two fluid phases. Indeed at least within the Percus-Yevick closure of the
Ornstein-Zernike equation and using the compressibility theorem to calculate the
thermodynamic quantities this is true [1,2]. However Biben and Hansen have shown [3] that
starting from the Rogers-Young closure, which is known to be more accurate for hard
spheres than the Percus-Yevick closure [4], such mixtures do seem to become unstable for
riarge /rsmaii > 5 at sufficiently high volume fractions. A direct experimental test of the predic-
tions of Biben and Hansen [3] is obviously not an easy task as hard-sphere atoms do not exist
in reality. However, nowadays one can prepare (almost) monodisperse spherical colloidal
particles whose short-ranged harshly repulsive interparticle forces closely approximate
that of hard spheres [5,6]. It can be shown that the thermodynamic properties of such
suspensions are the same as those of the hypothetical hard-sphere atomic system [7]. A
detailed discussion of colloid-atom analogies has been given recently by Pusey [8].

The purpose of this letter is to investigate experimentally the limits of stability of a binary
hard-sphere mixture as a function of the two particle concentrations using a bimodal
dispersion of colloidal particles. So far experiments on binary mixtures of colloidal particles
have focused mainly on the fluid-solid phase separation. In particular the structure of the
solid phase has been studied for size ratios rlarge /rsmali < 3 as a function of concentra-
tion [9,10]. Even though not directly pertaining to hard-sphere mixtures, we mention that a
strong fluid-solid phase separation indicating an effective attraction between the large
particles has been observed in mixed aqueous dispersions of surfactant micelles as the small
spheres and latex particles [11] or oil droplets [12,13] as the large particles. Here the size
ratio is of order 100. Recently Sanyal et al. [14] specifically addressed the stability of binary
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hard-sphere fluids using aqueous -dispersions of charged latex particles with rlarge /rsmall = 5.
After the samples had been left for a few days to settle, they observed flocculation of the
large particles using an optical microscope. From this observation they conclude that a phase
separation had occurred.

In this study we use a bimodal dispersion (rlarge /rsmall = 6) of silica particles sterically
stabilized with octadecyl alcohol in cyclohexane. In monodisperse suspensions of this kind the
behaviour of the particles can be modelled with a hard-sphere interaction [6]. At volume
fractions £small between 0.25 and 0.35 and <£large between 0.05 and 0.20 both visual observations
and small-angle light scattering experiments provide evidence that a phase separation
occurs. Whereas the upper phase, rich in small particles, definitely has a fluid character, it
could not be determined unambiguously whether the lower phase, rich in large particles, is
fluid or solid. The results are compared with theoretical predictions [3].

Experimental. - Two batches of silica particles were prepared and subsequently coated
with octadecyl alcohol using the method described in réf. [15]. Purification was carried out by
repeated centrifugation of the particles followed by redispersing in cyclohexane (analytical
grade). The particles were characterized by static and dynamic light scattering and by
electron microscopy. The results are summarized in table I.

Static-light-scattering measurements of dilute dispersions (about 0.1 per cent by weight)
were made on a FICA 50 photometer (Société Française d'Instruments de Contrôle et
d'Analyse). For the small particles the data could be analysed using a Guinier fit [16]. The
radius of the large particles could not be easily measured because they have nearly refractive
index matched in cyclohexane, so the form factor becomes distorted due to optical
inhomogeneity of the particles [17]. We therefore determined the radius of the uncoated
particles in ethanol, from the location of the first minimum of the form factor. This value,
which is presented in table I, is expected to be a few nm smaller than that of the coated
particles.

Dynamic-light-scattering measurements were made using a Spectra Physics Model 2025
argon ion laser (A = 514.5 nm) and a Malvern K7025 correlator (128 channels). The data were
analysed using the method of cumulants [18].

Electron microscopy was carried out using carrier grids covered with a formvar film
coated with carbon in a Philips Model CM 10H transmission electron microscope. An image
analysis system was used to obtain particle size distributions from the micrographs. The
particle radii as determined by electron microscopy are seen to be significantly smaller than
those determined by light scattering. This phenomenon is quite common. It can be explained
in part by the fact that different moments of the particle size distribution are probed by the
different techniques [19]. Furthermore the particles are thought to shrink under the
conditions present in the microscope. Using the radii obtained with static-light scattering,
the size ratio r|arge /rsraan = 6.1.

TABLE I. - Particle characterization.

Property Unit Small particles Large particles

Laboratory code
Particle density
Radius - static-light scattering

- dynamic-light scattering
- electron microscopy

Polydispersity

g/ml
nm
nm
nm

SV25
1.59 ± 0.02

35
32 ±4
19
0.14

SHE3(0)S
1.807 ±

212
231 ± 9
186

0.05

0.004
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Dispersion densities were determined by weighing 25 ml in a volumetric flask calibrated
against cyclohexane. The concentration (dry mass) of both dispersions was about 0.2 g/g,
as determined by drying a known amount of dispersion under a dry nitrogen flow at 90 °C
until constant weight. From these data the particle densities and volume fractions were
calculated.

Samples were prepared in tubes of 1 cm diameter and 5 cm height closed with a screw cap.
After the preparation samples were concentrated by forced evaporation of the solvent under
a nitrogen flow. The moment particles started to dry against the cell wall, the evaporation
was interrupted, and the sample shaken vigorously.

Eleven samples were prepared at different volume fraction ratios $smaii /$iarge • Two
caveats should be made here. First, the uncertainties in the densities amount to uncertainties
in the volume fractions of a few per cent. Second, various ways exist to estimate the particle
volume fraction and the results may differ significantly. For instance, one may also use the
specific volume as determined from rheological measurements [20]. However, this will not
alter the overall shape of the phase diagram that is obtained here.

For small-angle light scattering measurements, some samples were transferred into
rectangular quartz cuvettes 1 cm wide with an optical path length of 2 or 5 mm. A simple
set-up was made to probe the intensity scattered at small angles. Light from a 10 mW He-Ne
laser (A = 632.8 nm) was expanded to illuminate about 1 cm2 of the sample. The transmitted
light was focused and a 1.5 mm pinhole in the focal plane of the lens was used to block the
primary beam and select light scattered at small angles. This light was focused again onto a
photo diode, the output of which was recorded. In this set-up the scattering angle is
ill-defined. A typical angle would be 0.5°, corresponding to a scattering vector q =
= 105 m-i

Results. - Most samples were studied only by visual inspection. When the large particles
cluster, either in a floe or in a droplet of the concentrated phase, the resulting aggregate of
particles will sediment more quickly than in the case where the system remains stable. A
sudden change of sedimentation velocity with sample concentration therefore signals an
instability. However, in some cases it was very difficult to discern the sedimentation
boundary. Small-angle light scattering was then used to study the clustering of large
particles. Since particle scattering in the forward direction is proportional to r6 [16],
small-angle scattering is mainly due to large particles and it will increase when these
particles aggregate. Indeed this method proved to be very useful in discriminating stable
samples from unstable ones.

The observations are summarized in fig. 1. For clarity a division into three regions is
made: region A with $smaU /$iarge > 7, region B with 1.4 < <£small /^„ge < 7 and region C with
^smaii Marge < 1-4. In regions A and C the large particles are seen to sediment very slowly
(typically less than 1 mm/day) and light scattering shows no evidence for instability. In
region B the behaviour is similar at low concentrations. At higher concentrations the samples
become unstable as can be concluded from the large increase of small-angle light scattering
within an hour. Depending on the concentration this is accompanied either by a rapid
formation of a sediment on the bottom of the sample or by a rapidly moving sedimentation
boundary (about 1 mm/hour) leaving the supernatant almost clear. At still higher concentra-
tions two samples seemed to become stable again. The sequence of phenomena observed on
increasing concentration is illustrated in fig. 2 for a sample with $smau /^large = 4.3. In some
cases we observed that a sample that was unstable at first became stable after a few days.
Sonicating the sample for a few minutes then sometimes brought back the instability.

When phase separation occurs it would be very interesting to know the nature of the
different phases and their respective concentrations. Experimentally it is very difficult to
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Fig. 1. - Phase behaviour of mixtures of large spheres and small spheres with rlarge/rsrnaU = 6. Meaning
of the symbols: o slow sedimentation of the large spheres, A a sediment is formed rapidly but the
supernatant remains turbid, D rapid sedimentation leaving the supernatant almost clear. The dashed
lines connect experiments done on the same sample, by dilution or concentration. The regions A, B and
C, separated by full lines, are discussed in the text.

obtain such information, as the large particles always sediment and the equilibrium situation
is modified by the gravity field. However, a few remarks can be made. The sediment that
was obtained was always rather fluid. Even after a few days it would be more easier to
redisperse than a sediment in a sample without small spheres. The presence of small spheres
in the sediment could account for this phenomenon [21,22]. In a sample without small spheres

t=0

t=l hour

t = l day

I I clear
ES sligtly turbid
^ turbid
D sediment

0 0.22 0.24 0.26 0.28

Fig. 2. - Sedimentation behaviour at #3maii/^large = 4.3 as a function of concentration and time. At
Ismail = 0 a sample with large spheres only is sketched.
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an amorphous sediment is formed first, from the top of which crystallites start to grow after a
few days. In the sediment formed in the presence of small spheres crystals grow in the course
of a few weeks. The crystallization then proceeds to fill the whole sediment. This is probably
due to the increased fluidity of the sediment. In all samples the supernatant was found to
contain a large number of small particles, since a cake of particles was formed quite rapidly
against the cell wall as soon as a sample was concentrated by evaporation of solvent.

Discussion. - The data we present here suggest that a phase separation is actually
occurring. The fact that dilution of the sample is always seen to result in a sudden
disappearance of the instability indicates that it is not due to an irreversible aggregation.

The instability occurs in a fairly narrow concentration range, at volume fractions $Smaii
between 0.25 and 0.35 and $large between 0.05 and 0.20. These figures agree qualitatively with
the available predictions of Biben and Hansen [3] for a diameter ratio of 10. However, from
their work it is expected that the instability would extend both to low and to high values of
$iarge> which is clearly not the case here. It should be stressed that our experiments are
concerned with the behaviour of the samples during the first few hours. After this,
sedimentation becomes important even in stable samples. Therefore we only observe
instabilities that manifest themselves within a few hours. It may be that the phase separation
kinetics becomes slow outside region B where $small = $larKe

 and within region B at larger
concentrations. We were unable to determine whether the initially formed concentrated
phase is a stable colloidal fluid or a metastable fluidlike or glassy suspension. The crys-
tallization observed over a few weeks could be either the result of the slow concentration-
dependent kinetics of formation of colloidal crystals from a supersaturated fluid [23] or could
be caused by densification to the freezing point due to sedimentation.

As was mentioned above, we sometimes observed that a sample which initially showed an
instability became stable after a few days. We hypothesize that this may have been due to
some of the small particles sticking to large particles. Similar particle mixtures have been
observed to show a slight attraction between unlike particles [24]. From electron micro-
graphs we conclude that irreversible aggregation of particles does not take place in our
mixtures. However, the presence of attractions should be expected to modify the phase
diagram to some extent.

In summary we claim to have observed a phase separation in bimodal dispersions of
sterically stabilized silica particles. This supports the prediction of an instability in
hard-sphere mixtures [3]. Further work is needed to establish why the instability is observed
only in a narrow concentration range.

* * *
The authors acknowledge several stimulating discussions with J. DHONT. We thank H.

VERDUIN for providing us with particles SV25.

R E F E R E N C E S

[1] LEBOWITZ J. J. and ROWLINSON J. S., J. Chem. Phys., 41 (1964) 133.
[2] VRIJ A., J. Chem. Phys., 69 (1978) 1742.
[3] BIBEN T. and HANSEN J. P., Phys. Rev. Lett, 66 (1991) 2215; J. Phys. Condensed Matter, 3 (1991)

F-65.
[4] ROGERS F. J. and YOUNG D. A., Phys. Rev. A, 30 (1984) 999.
[5] ANTL L., GOODWIN J. W., HILL R. D., OTTEWILL R. H., OWENS S. W. and PAPWORTH S., Colloids

Surf., 17 (1986) 67.



374 EUROPHYSICS LETTERS

[6] VRIJ A., JANSEN J. W., DHONT J. K. G., PATHMAMANOHARAN C., KOPS-WERKHOVEN M. M. and
FIJNAUT H. M., Faraday Discuss. Chem. Soc., 76 (1983) 19.

[7] ONSAGER L., Chem. Rev., 13 (1933) 73.
[8] PUSEY P. N., in Liquids, Freezing and Glass Transition, edited by J. P. HANSEN, D. LEVESQUE

and J. ZINN-JUSTIN (North-Holland, Amsterdam) 1991.
[9] YOSHIMURA S. and HACHISU S., Progr. Colloid Polym. Sei, 68 (1983) 59.

[10] BARTLETT P., OTTEWILL R. H. and PUSEY P. N., J. Chem. Phys., 93 (1990) 1299; Phys. Rev. Lett.,
68 (1992) 3801.

[11] YOSHIMURA S., TAKANO K. and HACHISU S., in Polymer Colloids II, edited by R. M. FITCH
(Plenum, New York, N.Y.) 1980.

[12] BIBETTE J., Roux D. and NALLET F., Phys. Rev. Lett., 65 (1990) 2470.
[13] BIBETTE J., Roux D. and POULIGNY B., J. Phys. II, 2 (1992) 401.
[14] SANYAL S., EASWAR N., RAMASWAMY S. and SOOD A. K., Europhys. Lett, 18 (1992) 107.
[15] VAN HELDEN A. K., JANSEN J. W. and VRIJ A., J. Colloid Interface Sei, 81 (1981) 354.
[16] KERKER M., The Scattering of Light (Academic, New York, N.Y.) 1969.
[17] PHILIPSE A. P., SMITS C. and VRIJ A., J. Colloid Interface Sei, 129 (1989) 335.
[18] CHU B., Laser Light Scattering (Academic, New York, N.Y.) 1974.
[19] MOONEN J. A. H. M., DE KRUIK C. G., VRIJ A. and BANTLE S., Colloid Polym. Sei, 266 (1988)

836.
[20] See, for instance, WOUTERSEN A. T. J. M. and DE KRUIF C. G., J. Chem. Phys., 94 (1991)

5739.
[21] ALINCE B. and LEPOUTRE P., Colloids Surf, 6 (1983) 155.
[22] POSLINSKI A. J., RYAN M. E., GUPTA R. K., SESHADRI S. G. and FRECHETTE F. J., /. Rheoi, 32

(1988) 751.
[23] DAVIS K. E., RÜSSEL W. B. and GLANTSCHNIG W. J., J. Chem. Soc. Faraday Trans., 87 (1991)

411.
[24] DUITS M. H. G., MAY R. P., VRIJ A. and DE KRUIF C. G., /. Chem. Phys., 94 (1991) 4521.


