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Entropy Driven Phase Separation in Binary Emulsions
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We have studied experimentally phase separation in binary mixtures comprised of nearly

monodisperse emulsion droplets of two different sizes.

For three values of &, where & < 1 is the

size ratio, we have determined phase diagrams and find that segregation occurs for ¢ = 0.30 % 0.02.
The phase boundaries are strongly dependent on ¢, and phase-separated samples show nearly complete
segregation of the two components, as a result of the osmotic depletion effect which drives the phase
segregation. Our results agree qualitatively with recent model calculations.

PACS numbers: 82.70.Kj, 64.70.—p, 64.75.+¢g

Phase separation in binary fluid mixtures is a widely
studied problem in statistical mechanics. Usually, the
segregation of a mixture into different phases originates
from the competition of the enthalpic and entropic
contributes to the free energy. Evidence supporting this
picture was provided by the analytical calculations of
Lebowitz and Rowlinson [1,2] over thirty years ago.
They predicted that a binary mixture of hard spheres of
two different sizes is miscible for all concentrations and
size ratios. Biben and Hansen [3] have recently contested
this notion. Using a different closure of the Ornstein-
Zernike equation, they suggest that binary hard sphere
mixtures indeed phase separate, provided the sizes of
the constituents are different enough. Their conclusions
have more recently been supported by density functional
theory calculations [4] as well as computer simulations
[5]. The physical origin of phase separation in hard
sphere mixtures is the osmotic depletion effect [6,7]:
when two large spheres approach each other, the small
spheres are expelled from the closing gap, leading to an
uncompensated osmotic pressure difference between the
gap and the outer surfaces. This induces an effective
attraction between the large spheres, despite the fact that
there are no attractive enthalpic interactions [8]. Hard
sphere systems are a purely theoretical model and do
not exist in nature. Nonetheless, attractive depletion
interactions may be dominant in mixtures consisting
of two species of sufficiently compact objects whose
enthalpic interactions are very weak. In fact, depletion
interactions are responsible for the micelle-induced
creaming of emulsions [9], phase separation observed in
heterogeneous systems such as colloid-polymer [10—12]
and colloid-surfactant [13] mixtures, and the enhanced re-
action rates of macromolecules in the crowded cytoplasm
of a biological cell [14].

Several experimental studies of depletion-induced
phase separation have been performed mainly in hetero-
geneous systems such as polymer-colloid suspensions
[10,11,15,16]. While the results agree qualitatively with
models specifically tailored for these systems, there are
no systematic studies of the phase behavior of mixtures
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in which small and large particles have the same identity,
as a function of the size ratio. Existing investigations
purporting to mimic hard spheres have reported phase
diagrams of a single value of the size ratio and very
small values of this parameter [15,16]. In this Letter
we present a study of a novel system which overcomes
these limitations: emulsions comprised of droplets of two
different sizes. The interactions between the spherical
oil droplets of our emulsions are very weak and of short
range, and they exhibit only small shape fluctuations
[17]. This makes our emulsions suitable approximations
to a hard-core fluid. This system allows us to explore a
large range of the size ratios ¢ (£ = rsmai/riarge Where
r is the droplet radius) and, in particular, the interesting
regime near ¢ = 0.25, above which no phase separation
is predicted to occur [3].

Raw stock emulsions were prepared from water, silicon
oil, and sodium dodecyl sulfate (SDS) using the classical
inversion method [18], employing a conventional stirrer.
The large oil drops (~10 wm) were then broken up us-
ing a high speed dispersion tool. Nearly monodisperse
emulsions were prepared by 6—8 successive fractionations
[9]. Emulsions with the smallest drop sizes (r < 0.5 um)
were concentrated by centrifugation for several hours at
10000 g. The resulting fractions were analyzed by dy-
namic light scattering to determine the droplet diameter
and polydispersity. Oil concentrations were determined by
weighing a small quantity of the emulsion before and af-
ter evaporation of the water in a drying oven (7 = 60 °C).
The final stock emulsions from which the binary mixtures
were prepared were dialyzed against a bath containing
2.3 g/1 SDS corresponding to one critical micelle concen-
tration (CMC). A concentration of 1 CMC SDS was main-
tained in the aqueous phase throughout our experiments.

The characteristics of the five stock emulsions are sum-
marized in Table I. From these, mixtures of three differ-
ent size ratios ¢ were prepared: D/A, ¢ = 0.09; D/B,
& =0.13;and E/C, ¢ = 0.29. The density (at 7 = 20 °C)
of the oil in emulsions A,B,C (D,E) is 0.937 g/cm?
(0.920 g/cm?). To detect phase separation (all samples
are milky white in their native state due to multiple light
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Sample Drop diameter® Polydispersity? Refractive index®
(nm) (%)

A 2635 + 100 12 1.4022

B 1635 = 50 7 1.4022

C 885 *+ 15 6 1.4022

D 224 =5 10 1.3984

E 259 = 5 10 1.3984
“Determined by dynamic light scattering.
*At 25°C.

scattering from the oil droplets), we added urea to the
stock emulsions in order to match the refractive index of
the aqueous phase to that of the oil used in emulsions
D and E. While the required amount of urea (42.74%
of the aqueous phase at 25 °C) renders samples D and E
completely transparent, it leaves emulsions A, B, and C
slightly opaque, due to the higher refractive index of the
oil used in these emulsions, thus allowing one to distin-
guish phases of different composition. All experiments
were carried out at room temperature (7 = 25 °C).

Phase coexistence curves were measured using two
complementary techniques. In a first procedure, a series
of samples of constant volume fraction of large spheres
¢¢ and varying concentration of small spheres ¢, were
prepared and mixed. Each sample series was observed
visually and recorded by time-lapse video for periods up
to several days. For overall volume fractions ¢ < 0.5, we
have observed rapid phase separation of the samples for
all three size ratios as soon as ¢, exceeds a critical value
¢ (p¢). The typical time scales for the phase separation
process ranged from a few minutes to several hours,
depending on the size ratio and total volume fraction. In
a representative sample series (¢¢ = const), all samples
with ¢, < ¢St stayed homogeneous over similar time
scales as a monocomponent reference sample, whereas
samples with ¢, > ¢¢Mit rapidly separated into a turbid
upper phase and a clear lower phase. We identify the
points (¢¢, $) as the phase boundary.

In a second experimental procedure, we examined sam-
ples of compositions ¢¢ and ¢, which lie in the two phase
region. After the two phases have equilibrated following
the phase separation as discussed above, we analyzed the
composition of two coexisting phases. The analysis takes
into account the following consideration: Any sample,
stable or not, shows over time the formation of a super-
natant cream due to the buoyancy of the oil drops. Grav-
ity also induces an additional compression of the upper
phase of unstable samples, thereby increasing the volume
fraction. It is therefore necessary to achieve a clear sepa-
ration of time scales between creaming induced by phase
separation and that induced by buoyancy alone. This was
accomplished by choosing emulsions with small droplet
radii. In the present experiments, the characteristic time
for buoyancy-induced creaming is approximately one order
of magnitude higher than the time scale of phase separa-

tion. For sample analysis, we monitored the phase separa-
tion process with time, and compared it to samples which
exhibit purely gravitational creaming. In Fig. 1 we plot
the position of the interface between the cream and the
suspension (measured from the bottom of the sample) ver-
sus time, obtained using a computerized image analysis
system [19]. For the sample with ¢, = 0.10, ¢, = 0.14
(¢ = 0.09), initial rapid segregation (7 = 15 min) is fol-
lowed by a slower relaxation process. The compositions
of the two phases were analyzed when the interface posi-
tion was within (2—3)% from its equilibrium value (arrow).
In a reference sample of the same overall oil concentration
(e = 0.24, ¢, = 0), gravitational creaming led to a much
smaller effect, and we believe the contribution of gravi-
tational creaming is of minor significance in the present
experiment [20]. In all the samples which exhibit phase
segregation, we observe segregation of the small spheres,
and only small concentrations ¢, remain in the upper phase
at equilibrium. In some cases the upper phase exhibits iri-
descence, indicating a crystalline structure, while in others,
the upper (solid) phase seems to be amorphous. This is
currently under investigation. For the size ratios & = 0.09
and ¢ = 0.13, the lower phase is transparent after phase
separation, indicating that ¢, < 0.01 for samples which lie
sufficiently far from the phase boundary. In these cases,
the assumption ¢, = 0 in the lower phase greatly facili-
tates the task of determining the composition of both frac-
tions, and knowing the composition of the sample before
phase separation only the overall oil concentration of the
two phases is needed to deduce the composition (¢¢, @)
of both phases with sufficient accuracy. This approach
also provides data about the right branch (¢¢ > 0.55) of
the coexistence curve, which cannot be obtained by the
first method. While the assumption ¢¢ = 0 for the lower
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FIG. 1. Movement of the interface separating two phases

during the creaming of an emulsion. The solid circles show a
sample undergoing creaming induced by phase segregation for
a sample with ¢ = 0.09, ¢, = 0.1, and ¢; = 0.14. The control
sample (¢, = 0.24, ¢, = 0) exhibits gravitational creaming,
which proceeds more slowly. The arrow indicates a time close
to equilibrium when the sample was analyzed (see text).
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phase is not justifiable in the case where £ = 0.29, an al- (T-o0s] |

ternative approach which involves a second fractionation
of the two phases is currently explored [19].

The combined results of all our measurements yield the
phase diagrams of Fig. 2, the central result of this paper.
The solid triangles indicate the samples which undergo
rapid phase separation, while the open squares denote
samples which stay homogeneous. Open diamonds in
Fig. 2 represent the results obtained using the second ap-
proach. The dotted line in Fig. 2(a) shows a representa-
tive tie line which indicates the phase separation process of
an initially homogeneous sample [cross in Fig. 2(a)] into
two coexisting phases (open diamonds). The phase bound-
aries in Fig. 2 are a strong function of the size ratio, shift-
ing by more than a factor of 6 in ¢, when going from
& =0.09to &£ = 0.29. Itis instructive to compare our ex-
perimentally obtained coexistence lines with existing the-
oretical predictions. Biben and Hansen [3,21] (dot-dashed
line in Fig. 2) and Rosenfeld [4,22] (long dashes in Fig. 2)
have computed spinodal lines (lines of spontaneous phase
separation) of binary fluid hard sphere mixtures. Our
expectation that these lines should lie at higher concen-
trations as compared to the coexistence curves is borne out
by our data. While it is difficult to quantitatively com-
pare our data to these theoretical predictions, both show
the same trend when ¢ is varied. Poon and Warren [23]
extend a semianalytical model [24,25] which allows them
to compute spinodal lines as well as coexistence curves
[19]. While their results for £ = 0.14 are in reasonable
agreement with our data (¢ = 0.13), a comparison of their
theory with our two other data sets is poor; their calculated
coexistence curves are essentially & independent, while our
results show a significant variation with £. The observa-
tion that phase separation does occur for our largest size
ration (¢ = 0.29) is of interest, since it is believed [3] that
& < 0.25 is a necessary condition for phase separation to
occur. To substantiate this result further and to find the
maximum value of ¢* below which phase separation is
observed, we looked for phase separation in samples span-
ning the range 0.25 < £ = 0.35 for fixed ¢, = 0.1 (here,
we have also varied the absolute droplet sizes by a fac-
tor of 3, with no apparent effect on the phase boundaries
[19]). The results of this study are fully consistent with
Fig. 2(c) and yield £* = 0.30 = 0.02. Our experimental
data suggest that the lack of phase separation above this
value is due to a shift of the phase boundary into a region
where the droplet mobility nearly vanishes due to pack-
ing constraints. This does not preclude a possible lack of
phase separation due to thermodynamic reasons. Note that
neutron-scattering studies of a binary colloidal suspension
with & = 0.31 indicate clustering of colloidal spheres, but
no macroscopic phase separation [26].

Finally, we address the issue of how well oil droplets
can be modeled as hard spheres. While SDS is an ionic
surfactant, electrostatic interactions are short ranged due to
the screening effect provided by the additional surfactant in
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FIG. 2. Phase diagram of three binary mixtures with different

0.0

size ratios. Solid triangles represent samples which exhibit
rapid phase separation, as compared to the open squares where
the samples stay homogeneous. Open diamonds indicate the
composition of the two phases following phase separation. The
solid line is a guide to the eye, representing the experimental
coexistence curve, and the short dashes depict an extrapolation
motivated by the result of the DLS measurements (see text).
The dotted line in (a) indicates a typical tie line, representing
the phase separation of a sample in the two phase regions
(cross). Long dashes [4] (¢ = 0.10,0.17,0.33) and the dot-
dashed line [21] in (a) (£ = 0.10) indicate spinodal lines
obtained by model calculations.

the solution (the Debye length is ca. 34 A). Furthermore,
monodisperse emulsions crystallize readily at values of ¢
comparable to those of hard spheres [19]. In emulsions
van der Waals forces are weaker than in colloidal disper-
sions of hard particles, and are further attenuated by the
near index-matching conditions. A recent study [17] has
addressed the deformability of small oil droplets in emul-
sions and their surface modes, indicating only a very weak
deviation from hard sphere behavior for the oils and sizes
used in this study. We are presently conducting dynamic
light scattering experiments with a monocomponent emul-
sion to gain insight into the freezing and melting in this
system [19]. Our preliminary results indicate that our
emulsions exhibit structural arrest at approximately the
volume fraction expected for a hard sphere system [27].
In summary, we have investigated the phase behavior
of bidisperse emulsions, covering a large range of rela-
tive compositions and size ratios. Nearly index-matched
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emulsions provide a convenient model system to study
mesoscopic hard sphere phenomena, facilitating direct
studies using light scattering, microscopy, or visual ob-
servation, as compared to colloidal suspensions which are
often used in similar experiments. Our results confirm
the general phenomenology of phase segregation induced
by osmotic depletion forces, as suggested by Biben and
Hansen [3]. As pointed out by Rosenfeld [22], quantita-
tive theoretical predictions on the phase behavior of bi-
nary hard sphere fluids are difficult to devise, since model
calculations depend sensitively on small corrections to the
Percus-Yevick equation of state. We hope, therefore, this
study will contribute to a better understanding of hard
sphere demixing phenomena.
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