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Dispersions of casein micelles and an exocellular polysaccharide~EPS!, obtained fromLactococcus
lactis subsp. cremorisNIZO B40 EPS, show a phase separation. The phase separation is of the
colloidal gas–liquid type. We have determined a phase diagram that describes the separation of
skim milk with EPS into a casein-micelle rich phase and an EPS rich phase. We compare the phase
diagram with those calculated from theories developed by Vrij, and by Lekkerkerker and
co-workers, showing that the experimental phase boundary can be predicted quite well. From
dynamic light scattering measurements of the self-diffusion of the casein micelles in the presence of
EPS the spinodal could be located and it corresponds with the experimental phase boundary.
© 1999 American Institute of Physics.@S0021-9606~99!50816-7#

I. INTRODUCTION

Solutions containing both proteins and polysaccharides
may exhibit phase separation. This was first reported in 1896
by Beijerinck, who observed a phase separation after mixing
aqueous solutions of gelatin and starch.1 Milk proteins and
polysaccharides also exhibit incompatibility, as was reported
for example by Tolstoguzov2,3 and Antonovet al.4 During
the production process of dairy products polysaccharides and
proteinaceous particles are often combined. Mixing proteins
and polysaccharides also takes place during the fermentation
process where exocellular polysaccharides~EPSs! by lactic
acid bacteria are producedin situ in products such as yogurt.
In yogurt the EPS seems to play an important role and is
responsible for the threadlike pouring behavior of some
types of yogurt. Previously, we have characterized physical
properties of an EPS produced byLactococcus lactissubsp.
cremoris strain NIZO B40, which has a number-averaged
molar mass of 1.473106 g/mol and a number-averaged ra-
dius of gyration of 86 nm, and has a small polydispersity.5

Low-heat skim milk was chosen as milk protein system.
Skim milk can be regarded as a 10%~v/v! suspension of
casein micelles, which are association colloids with a diam-
eter of 200 nm, in an aqueous~continuous! phase containing
other but very small (,5 nm! components~salts, lactose,
and whey proteins!. Casein micelles can be considered as
hard spheres as follows from diffusion6 and rheology
measurements.7

B40 EPS, when added to skim milk above a certain con-
centration, induces phase separation, as will be shown in
Sec. IV. When the continuous phase of skim milk is mixed
with B40 EPS~further denoted as EPS! nothing happens.

This indicates that the interactions between casein micelles
and EPS are responsible for the observed phenomena.

The phase separation is caused by the so-called depletion
type of interaction and is also referred to as depletion floc-
culation. A better term would be segregative behavior. An
early experimental observation of phase separation driven by
depletion interaction was reported by Traube,8 who investi-
gated the effect of adding polymer molecules on creaming of
natural rubber. About ten years later the depletion phenom-
enon was used in practice for the concentration of natural
latex by plant polysaccharides, as described by Vester.9

Asakura and Oosawa10 gave a theoretical expression for the
depletion interactions between two flat plates. Vrij11 devel-
oped a thermodynamic model for the depletion in a mixture
of colloidal spherical particles and nonadsorbing polymer
molecules. De Hek and Vrij12 observed phase separation in
mixtures of colloidal silica spheres and polystyrene poly-
mers, and the theory of Vrij11 reasonably predicts the limit-
ing polymer concentration for this system. Lekkerkerker13

also developed a more sophisticated theory for depletion in-
teraction using a different thermodynamic route. More re-
cently, Lekkerkerkeret al.14 and Poon and Pusey15 extended
and refined this theoretical description.

In this paper it is shown that EPSs do not adsorb onto
casein micelles and induce depletion flocculation in skim
milk. We will compare two theoretical methods which allow
the calculation of the phase line. An instability condition for
a simpler adhesive hard sphere model~2.2! will also be given
in order to locate a phase boundary from dynamic light scat-
tering measurements. In this paper we show that phase dia-
grams calculated from depletion theories are consistent with
the experimental phase diagram of a biological system con-
taining casein micelles and EPS, indicating the practical rel-
evance of depletion interaction.

a!Author to whom all correspondence should be addressed; electronic mail:
dekruif@nizo.nl
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II. THEORY

A. Depletion interaction theories

1. Vrij theory

A schematic picture of colloidal spherical particles dis-
persed in a solution of nonadsorbing polymer molecules is
sketched in Fig. 1. The polymer molecules, with an effective
diametersp ~twice the depletion layer thicknessD) are as-
sumed to be freely permeable toward one another (u solvent!
but are hard spheres for the colloids with diametersc . Vrij 11

derived that then the attractive interparticle potential between
two spherical colloidal particles, which behave as hard
spheres toward one another, is proportional to the overlap
volume Voverlap and to the osmotic pressure of the polymer
solutionPp . For the osmotic pressure of the polymer solu-
tion Vrij used the limiting Van ‘t Hoff’s law:

Pp5cpRT/M , ~1!

wherecp is the polymer concentration,R the gas constant,T
the temperature, andM the molar mass of the polymer. The
overlap volume depends on the distance between the centers
of the particlesr:

Voverlap~r !5
1

6
p~sc1sp!3F12

3r

2~sc1sp!
1

r 3

2~sc1sp!3G .
~2!

This expression applies forsc,r ,(sc1sp). Now the
depletion interaction potential of Vrij is given by11

U~r !51`, 0,r ,sc

5PpVoverlap~r !, sc<r<~sc1sp!

50, r .~sc1sp!. ~3!

Given the pair potential the equilibrium properties of the
system can be evaluated using statistical mechanics.16 If the
polymer-induced attraction between two particles becomes
strong enough the system tends to phase separate into a
colloid-rich and polymer-rich phase.14 The calculation of the

binodal in a statistical mechanical way is possible but rather
involved. Simpler is a calculation of the spinodal the osmotic
compressibility]Pc /]f becomes zero:16

]Pc

]f
50. ~4!

The spinodal usually lies very close to the binodal and there-
fore the spinodal can also be taken as an estimation of the
phase boundary. The virial expansion of the osmotic pressure
of colloids is17

PcVc

kBT
5f1B2f21B3f31 • • • , ~5!

whereVc(5psc
3/6) is the particle volume of the colloidal

spherical,B2 is the second, andB3 the third osmotic virial
coefficient. For low volume fractions (f,0.2) B3 and
higher-order terms can be neglected. Combining Eqs.~4! and
~5! gives the valueB2

sp at the spinodal for a given volume
fraction:

B2
sp52

1

2fsp
, ~6!

wherefsp is the volume fraction at the spinodal. The second
virial coefficient can be measured in the one-phase region at
a givenf. On addition of polymer,B2 will decrease due to
attractions. From statistical mechanics a relation between
U(r) andB2 can be derived:16

B25
2p

Vc
E

0

`

r 2~12e2U~r !/kBT!dr, ~7!

which givesB254 for the hard sphere interaction potential.
For depletion interactions, we calculateB2 from Eq. ~7! by
taking U(r) from Eq. ~3!. This then yieldsB2 , which be-
comes negative for sufficiently high polymer concentrations,
eventually leading to spinodal demixing. So, for a mixture
with a certain volume fractionf of colloidal spheres with
diametersc the effect of nonadsorbing polymer molecules
on B2

sp can be calculated. This yields the limiting polymer
concentration and by doing this at various values off the
phase diagram can be calculated.

Since in the approach of Vrij only pair interactions are
involved, which is incorrect above the dilute regime, we
have also used an alternative thermodynamic route which
takes into account many particle interactions to calculate the
spinodal with the interaction potential for the depletion inter-
action given in Eq.~3!. From Eq.~4! we know that the spin-
odal corresponds to the point where the osmotic compress-
ibility ]Pc /]f equals zero. Therefore use can be made of
the relation between the structure factor of a colloidal disper-
sion S~Q!, which can be measured with scattering tech-
niques. The osmotic compressibility andS~Q! are related as
follows:

S~Q50!5kT
]r

]P
, ~8!

wherer5Nc /V is the number density, withNc the number
of particles in a volumeV, which is related to the volume
fraction by f5NcVc /V. The scattering wave vectorQ

FIG. 1. Schematic picture of the depletion interaction mechanism. The col-
loidal spheres with diametersc are pushed together by the unbalanced os-
motic pressure as exerted by the polymer molecules with diametersc .
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equals 4pn sin(u/2)/l0 , wheren is the refractive index,u is
the angle under which the scattered intensity is detected, and
l0 is the wavelengthin vacuo. Comparison with Eq.~4!
shows that the conditionS(Q50)2150 gives the spinodal.
The structure factorS(Q) is defined as the Fourier transform
of g(r ):

S~Q!5114prE
0

`

r 2@g~r !21#
sin~Qr !

Qr
dr, ~9!

wherer is the distance between the centers of any two ran-
domly chosen particles, say particles 1 and 2. In order to
calculateS(Q) one thus needs an expression for the radial
distribution functiong~r!. The integral equation of Ornstein
and Zernike~the OZ equation! gives the total correlation
function h(r ):18

h~r !5c~r 12!1rE c~r 13!h~r 23!dr3 , ~10!

which makes it possible to solve forg(r )5h(r )11 when
one has an appropriate closure relation forc(r 12), the direct
correlation function. The OZE definesg(r ) as the sum of the
direct effect of particle 1 on particle 2 and an indirect effect
of 1 on 2 in which all other particles are involved. We have
used the hypernetted chain~HNC! closure relation:19

c~r !5h~r !2 ln~g~r !2U~r !/kBT!. ~11!

We applied a mathematical solution procedure developed by
Gillan20 to solve Eqs.~10! and ~11!. We can insert Eq.~3!
into the HNC closure and subsequently calculateg(r ) and
S(Q) by using Eqs.~10! and ~9!. Hence,S~Q50! can be
obtained as a function ofcp , which makes it possible to
calculate the spinodal@the polymer concentration for which
1/S(Q50) equals zero#.

In the foregoing the depletion layer thicknessD was left
unspecified. Usually, it is identified with the radius of gyra-
tion of the polymer molecules:D5Rg5sp/2. De Hek and
Vrij 12 numerically calculated the distancer where the par-
ticles just start to attract one another and foundsp

'2.25Rg , which confirms thatD'Rg . Calculations of Fleer
et al.21 for concentrations below overlap giveD'Rg , which
also corroborates the general assumption that the radius of
gyration is a good measure of the depletion layer thickness in
dilute solutions. Fleeret al.also calculated the decrease ofD
above coil overlap, but since in our casecp is below the
overlap threshold we do not need these expressions.

In order to illustrate the main trends some model predic-
tions as calculated with the theory of Vrij11,12 are given in
Fig. 2. Results are calculated for a mixture of colloidal par-
ticles with a radius of 100 nm (sc5200 nm! and polymer
molecules with a molar mass of 103 kg/mol and three differ-
ent radii of gyration: 30, 60, and 90 nm (sp560, 120, and
180 nm!, respectively, corresponding to varying the flexibil-
ity of the chains. Increasingf gives a lower limiting poly-
mer concentration since according to Eq.~6! the productf
•B2

sp is a constant. This indicates that a less negative value of
B2

sp, and hence a lower polymer concentration, is required at
higherf. By comparing the results for the various sizes of
the polymer molecules, we observe a decreasing spinodal
demixing curve with increasing depletion layer thickness

~larger polymer molecules!. This indicates that when the
polymer chains are more stiff, leading to a largerRg , they
will have a stronger tendency to induce phase separation by
the depletion interaction mechanism.

2. Lekkerkerker theory

Another way of calculating the phase lines was devel-
oped by Lekkerkerker and co-workers. The approach is
based upon a grand canonical statistical mechanical descrip-
tion of hard spheres in the presence of freely interpenetrable
coils. Lekkerkerkeret al.14 derived expressions for both the
osmotic pressures and the thermodynamic potentials of the
colloidal suspension for the fluid as well as for the crystal
phases in order to predict the phase behavior of polymer–
colloid mixtures by calculation of the binodal. The polymer
concentration acts as perturbation parameter.

a. Fluid phase. For the fluid phase a dimensionless os-
motic pressureP f is expressed as:

P f5
f

12f
13S f

12f D 2

13S f

12f D 3

1
cp

Rpsc
2

6Mz3 S a2
da

df D ,

~12!

wherecp
R is the overall polymer concentration in the reser-

voir. The fractiona is the fraction of the total volume which
is accessible to the polymer molecules, andz5sp /sc is the
size ratio of the polymer molecules relative to the colloidal
spheres. The macroscopic polymer concentration equalsa
•cp

R . The free volume fractiona can be calculated from:14,15

a5~12f!expF2A
f

12f
2BS f

12f D 2

CS f

12f D 3G , ~13!

with A53z13z21z3, B54.5z213z3, andC53z3. Equa-
tion ~13! reduces toa512f for z→0. The first three terms
on the right-hand side of Eq.~12! are derived from the
Percus–Yevick equation of state22 and the fourth term is a
perturbation factor arising from the presence of the polymer
molecules. For the thermodynamic potentialm f of colloidal
spheres in the fluid phase Lekkerkerkeret al.14 derived the
following equation:

FIG. 2. Phase lines as calculated with the theory of Vrij~Refs. 9 and 11! for
colloidal spheres with a diameter of 200 nm and polymer molecules with a
molar mass of 1000 kg/mol and radii of gyration (Rg) as indicated.
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m f

kBT
5 lnS f

12f D17S f

12f D1
15

2 S f

12f D 2

13S f

12f D 3

2
cp

Rpsc
2

6Mz3

da

dfc
, ~14!

which has the same physical origin as Eq.~12!.
b. Solid phase.For the crystal or solid phase, equations

analogous to Eqs.~12! and ~14! can be derived. For the os-
motic pressure, a simplified version of the equation of state
of Hall23 is used:

Ps5
f

12
f

fcp

1
cp

Rpsc
2

6Mz3 S a2
da

df D , ~15!

wheref is now the volume fraction of colloidal particles in
the solid phase andfcp is the volume fraction at closest
packing ~5pA2/6). The thermodynamic potential in the
solid phase is given by:

ms

kBT
52.130613 lnS f

12
f

fcp

D 1
3

12
f

fcp

2
cp

Rpsc
2

6Mz3

da

df
,

~16!

where the constant cannot be calculated analytically. The
value 2.1306 given above is taken from computer simula-
tions of Frenkel and Ladd24 and is consistent with experi-
mental values forf50.494 and 0.545 at the fluid–crystal
transition of a suspension of hard spheres.

Subsequently, the phase behavior can be calculated from
the conditionsP f5Ps andm f5ms . This gives two sets of
equations with two unknowns,f ’s for the volume fractions
of colloids in the coexisting phases, which can be solved
numerically. The model described above makes it is possible
to calculate the phase behavior of polymer–colloid mixtures.
The coexisting phases which can be found are fluid–solid,
and above approximatelyz50.3 gas–liquid, gas–solid, and
gas–liquid–solid since the fluid phase then also exhibits a
gas–liquid transition.

B. Adhesive hard sphere model

For skim milk it has been shown6,7 that casein micelles
can be treated as hard spheres under the conditions relevant
for this study. When hard spheres become sufficiently attrac-
tive a ~colloidal! fluid–solid transition takes place which can
be regarded as a phase separation. Casein micelles become
attractive when EPS is added to skim milk. We use the ad-
hesive hard sphere~AHS! model in order to make a connec-
tion between dynamic light scattering experiments and the
attraction between colloidal particles.

An interaction potential profile for adhesive spheres has
been proposed by Baxter25 as a square well potential with an
infinitely narrow width (d→0!:

U~r !

kBT
51`, 0,r ,sc ,

5 ln@12tBd/~sc1d!#, sc<r<~sc1d!

50, r .~sc1d!, ~17!

wheretB is the Baxter parameter (0,tB,`) andtB
21 is a

measure of the attraction between the spheres. A prerequisite
for applying the Baxter potential is that the termtBd has to
remain finite. The experimentally accessible parameter from
light scattering and osmotic pressure measurements isB2 .
Combining Eqs.~7! and ~17! gives:

B2542
1

tB
. ~18!

Using Baxter’s approach Wattset al.26 showed thattB

can be directly related to the volume fraction at the spinodal
fsp. For a volume fraction lower than 0.12, Penders and
Vrij 27 simplified the expressions of Wattset al.26 to:

tB5
fsp

12fsp
SA11

1

2
fsp

3fsp 21D . ~19!

For higher values off, the PY theory can be used.22,27Equa-
tion ~19! allows us to calculate the volume fraction at which
decomposition takes place at a certain adhesiveness. So,
when tB is determined the spinodal can be calculated. Al-
though strictly speaking the AHS model is not correct for our
system we apply it here since it provides a theoretical frame-
work which allows us to describe the phase separation in
terms oftB values, which can be calculated from for instance
transport properties. The waytB is related to the self-
diffusion coefficient is treated in Sec. II C.

C. Phase separation from self-diffusion

Previously28 we have measuredtB of skim milk–EPS
mixtures by dynamic light scattering. We calculated Baxter
parameters from the measured self-diffusion coefficients by
applying the following expression from Cichocki and
Felderhof:29

Ds

D0
512S 1.8321

0.295

tB
Df, ~20!

whereDs is the self-diffusion coefficient andD0 is its value
at f→0. By calculatingtB values from Eq.~20!, fsp can
subsequently be obtained from Eq~19!. Hence, scattering
data allow calculation of the phase boundary.

However, in the approach given above the viscosity in-
crease due to the addition of B40 EPS to the continuous
phase has been neglected. Previously, we have shown30 that
the ~zero-shear! specific viscosityhsp5$h02hs%/hs ~where
h0 is the zero-shear solution viscosity andhs the solvent
viscosity! of polysaccharide solutions can be described as:

hsp5@h#c1 1
25 ~@h#c!3.5, ~21!

where @h# is the intrinsic viscosity of the polysaccharide
solution. For EPS solutions with an ionic strength of 0.10 M,
@h# equals 3.2 m3/kg. We assume the same value for skim
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milk, where the ionic strength is close~0.08 M!. Equation
~21! indicates that the self-diffusion coefficient, which de-
pends on the viscosity of the continuous phase, decreases
when EPS is added to skim milk. We have to take this effect
into account by applying a correction for the viscosity. How-
ever, for systems where the particle size is of the same order
of magnitude as the polymer molecules it is not correct to
simply replace the solvent viscosity with the viscosity of the
continuous phase as measured macroscopically. The macro-
scopic viscosity overestimates the friction experienced by the
colloidal particles.31

This phenomenon has been examined theoretically by
Cukier32 and De Gennes,33 who found that relatively small
colloidal particles tend to ‘‘hunt for holes’’ in polymer solu-
tions. Microscopically a polymer solution can be regarded as
a system containing obstacles~polymer chains! with a high
resistance. Since the particles seek a path of minimum resis-
tance, the viscosity as experienced by the diffusing particles
is smaller than the macroscopic viscosity. The contribution
of the polymers to the effective viscosity of the solution
depends on the hydrodynamic colloidal particle–polymer
size ratio, zh , defined asRP/RS, where RS refers to the
hydrodynamic radius of the colloidal sphere andRP to the
effective radius of the polymer molecules. We are not aware
of a theory which quantitatively describes the relation be-
tween the effective viscosity andzh . In the limit zh→` the
colloidal particles will only experience friction due to inter-
action with solvent molecules since the polymer molecules
are so large that the particles can easily ‘‘hunt for holes.’’
When the value ofzh is very small the colloidal spheres
cannot diffuse through the holes since the holes are too
small. Therefore the particles will experience the macro-
scopic viscosity in the limitzh→0. At intermediate values
for zh the friction will lie in between the solvent and the
polymer solution viscosity. Tentatively, we introduce an ef-
fective viscosityheff and propose that it depends as follows
on zh :

heff

hs
511hspexp~2zh!. ~22!

The solvent contribution is given by the first term on the
right-hand side, and that of the solute by the second term.
This equation describes the data in Ref. 31 reasonably well
and gives a correct physical description for the limits.

For the sedimentation of colloidal particles through a
polymer solution, Tonget al.34 also found that for very large
values ofzh the particles experience a much lower viscosity
than that of the solvent with polymer molecules. The macro-
scopic viscosity of the solution is only experienced for
zh→0. For RP these authors use the correlation lengthj,
which says that in the entangled region even small particles
experience the macroscopic viscosity.

The approach given above will be used to account for
the effect of the viscosity of the solution on the measured
self-diffusion coefficient. Equation~20! can then be replaced
by:

Ds

D0

heff

h0
512S 1.8321

0.295

tB
Df, ~23!

whereheff is defined in Eq.~22!.

III. EXPERIMENT

A. NIZO B40 EPS

NIZO B40 EPS was obtained after a fermentation and
isolation process at the NIZO pilot plant as described
elsewhere.5 EPS was isolated using various filtration steps,
freeze-dried, and used as such in this study.

B. Skim milk

Reconstituted skim milk was prepared as described in
Ref. 7. The volume fraction of casein micelles in the recon-
stituted skim milk was determined by Jeurnink and De Kruif7

as being 0.130.

C. Permeate

Skim milk permeate~i.e., the ‘‘solvent’’ of the casein
micelles! was prepared from skim milk by a membrane fil-
tration process. An Amicon hollow-cartridge HIMPO 1-43
membrane with a cutoff of 0.1mm was used. The pH of the
permeate was the same as that of the skim milk (6.60
60.10).

D. Mixtures

The mixtures were prepared by dissolving EPS diluted in
permeate and mixing this EPS–skim milk permeate solution
with skim milk. All mixtures were studied at room tempera-
ture.

E. Preservative

Since phase separation was sometimes observed only af-
ter a few weeks we used anti-microbial agents~preserva-
tives! in order to prevent growth of micro-organisms during
the experiments. We used 0.02%~m/m! sodium ethylmercu-
rithiosalicylate ~C2H5HgSC6H4COONa-thiomersal, BDH
Chemicals!, with which we could not observe any bacterial
growth or any pH changes for more than 6 weeks. In the
absence of EPS, skim milk and permeate containing thiomer-
sal were stable for months.

IV. RESULTS AND DISCUSSION

This section contains three parts. A description of the
observed phase separation phenomena for the skim milk/
permeate/EPS mixtures is given in Sec. IV A. Theoretical
predictions of the phase diagram are presented in Sec. IV B
and compared with the experiments. In Sec. IV C the Baxter
parameters obtained from dynamic light scattering are used
to calculate a phase diagram with the AHS model.

A. Observations and phase diagram

First, we dissolved EPS in low-heat skim milk permeate
~skim milk without casein micelles!. The highest EPS con-
centration studied was 10 g/l since EPS is not soluble~on a
practical time scale! at higher concentrations. This represents
a practical concentration range since lactic acid bacteria pro-
duce EPSs up to concentrations of 0.5 g/l . In permeate so-

9300 J. Chem. Phys., Vol. 110, No. 18, 8 May 1999 R. Tuinier and C. G. de Kruif

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

131.155.151.22 On: Fri, 02 Oct 2015 14:26:56



lutions no phase separation could be observed for months
when EPS was added. Apparently, whey proteins and EPS
are fully compatible. Therefore we used permeate to dissolve
EPS, after which this EPS–permeate solution was mixed
with skim milk.

In this way the required final concentrationcp of EPS
and the volume fractionf of casein micelles could be ad-
justed independently in the range 0,cp,10 g/l and 0,f
,0.13. Mixtures in this concentration range were prepared,
stored, and studied at room temperature. For high EPS con-
centrations a two-phase system could be observed after sev-
eral hours or, occasionally, after several days. The onset of
phase separation occurred always within one week. In phase-
separated systems the upper phase became clearer with time
while the lower phase became highly turbid~white!. In Fig. 3
a phase diagram is presented describing which mixtures de-
mixed ~filled circles! and which remained stable~open
circles!. The transition points~squares! are indicated for vari-
ousf values and a line which guides the eye represents the
visually observed phase boundary. The EPS concentration at
which the skim milk suspensions phase separate is rather
low. The polymer overlap concentrationcp* , which equals
3Mn/4pRg

3Nav, where Mn is the number-averaged molar
mass andNav Avogadro’s number, is 0.926 0.09 g/l . This
indicates that phase separation occurs in the dilute regime for
casein volume fractions abovef'0.03.

In the course of time the upper layer becomes fully
transparent. After about one week the upper phase has the
same appearance as skim milk permeate. This indicates that
the bottom layer is concentrated in casein micelles: their den-
sity is slightly higher than that of the permeate. We measured
the EPS and casein concentration in the upper layer. For
instance atf50.07, samples with initial EPS concentrations
of 0.75, 1.00 and 1.25 g/l had an EPS concentration in the
upper layer of 0.87, 1.03, and 1.33 g/l , respectively, after
phase separation. The volume fraction of casein micelles in
the upper phase was always smaller thanf50.01. System-
atically, there is a slight increase in the EPS concentration in
the upper transparent layer while the caseins are highly con-

centrated in the lower phase. This is the first confirmation
that the type of phase separation originates from depletion
interaction and not bridging since polysaccharides and pro-
teins are separated into two separate phases. If the mecha-
nism would be bridging flocculation, polysaccharides and
proteins are expected to concentrate in one of the two phases.

Another aspect which indicates that we are dealing with
depletion flocculation is the fact that the flocculation is re-
versible. After initial phase separation the system can be
mixed, after which it takes some time before the system be-
comes phase separated again. If a sample prepared with such
a composition that it is located just above the phase separa-
tion threshold is shaken and subsequently diluted with skim
milk permeate it remains stable. In the case of bridging floc-
culation, sedimentation or creaming is always irreversible.
Moreover, in the case of bridging flocculation the limiting
polymer concentration increases with increasingf. Also this
last characteristic of bridging was not found.

B. Theoretical description

1. The Vrij model

We have set the parameters in the model such that they
comply with the experimental conditions for casein micelles
and EPS: sc5200 nm, M51.473103 kg/mol, and sp

52Rg , with Rg586 nm for the radius of gyration. The re-
sulting spinodal curve is plotted in Fig. 4~long dashes!, in
which the phase boundary as observed visually is also given
~symbols!. The calculated phase line lies below the experi-
mental phase boundary, but the difference is small. Also the
shapes of the curves are similar. It should be noted that we
calculated the phase boundary from independently measured
characteristic parameters of the system; there is no data fit-
ting.

As the next step we calculated the polymer concentra-
tions for whichS(Q50) goes to infinity as explained in Sec.
II A 1. This was done by insertion of Vrij’s interaction po-
tential profileU(r) @Eq. ~3!# into Eq. ~11!. In order to solve
g~r! by combining Eqs.~10! and ~11!, we used Gillan’s
approach.20 From the radial distribution function obtained in

FIG. 3. Visually observed phase diagram for various EPS concentrations
(cp) and volume fractions of the casein micelles (f). Indicated are the
phase boundaries~squares!, stable mixtures~open circles!, and unstable
mixtures~filled circles!.

FIG. 4. Comparison of theoretically calculated phase lines with the visually
observed phase boundary~squares!, which is replotted as a dotted curve to
guide the eye. The phase diagrams calculated with the various models are as
indicated by Lekkerkerker~Ref. 14!, Vrij ~Ref. 9!, andS(Q50)5` ~ob-
tained by combining Vrij’s theory with Gillan’s method—Ref. 20!.
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this wayS(Q) was subsequently calculated with Eq.~9!. By
iteration we calculated at which polymer concentration
S(Q50) approaches infinity and the resulting phase diagram
~spinodal! is plotted in Fig. 4~short dashes!. In this way we
implicitly accounted for multiple interactions, whereas Vrij’s
model is on the pair level. This phase line corresponds rea-
sonably well to those calculated with the Lekkerkerker and
Vrij models.

It must be realized that, except for the critical point the
spinodal always lies above the binodal. Still, from the above
it follows that a reasonable prediction can be made from the
Vrij theory, which does not contain any adjustable param-
eters. The differences between experimental and theoretical
phase boundary can further be explained by realizing that the
casein micelles~and EPS! are not monodisperse. A model
developed by Chuet al.35 indicates that polydispersity of the
colloidal particles weakens depletion interaction effects also
and thus shifts the theoretical curves upwards.

2. Lekkerkerker theory

In the region where we observed phase separation visu-
ally the theory of Lekkerkerkeret al.14 predicts a colloidal
gas–liquid transition. For our system withz50.86, we have
calculated the phase diagram along the lines explained in
Sec. II A 2. After calculatingcp from the overall reservoir
concentrationcp

R by multiplying with a from Eq. ~13!, Eqs.
~12! and ~14!–~16! allow a calculation of the binodal. The
calculated phase diagram is given for the relevantf range in
Fig. 4. This shows that the Vrij and Lekkerkerker models
give approximately the same phase line. The comparison of
theoretical predictions of the phase diagram with that of a
model colloid–polymer mixture has already been done by
Ilett et al.36 In this paper it is shown however that the con-
cepts of depletion interaction allow a quantitative description
of mixtures of proteins and polysaccharides, illustrating the
importance of depletion interaction in biological and food
systems.

The calculations given above and in Sec. IV B 1 assume
that the thickness of the depletion layerD is independent of
cp . Fleer et al.21 developed a theory from which the de-
crease ofD as a function ofcp can be calculated. In the
Appendix we have calculated theD(cp) dependence, which
shows thatD has a constant value in our relevant concentra-
tion region. This means that we do not have to incorporate a
D(cp) dependence in our calculations. Any effect would
have shifted the calculated curves upward.

C. Phase diagram from self-diffusion

The diffusion coefficients were determined as described
previously28 for a series of polymer concentrations at various
volume fractions. At every volume fraction we calculated the
diffusion coefficient at the spinodal by combining Eqs.~19!
and~20!. For the moment we neglect viscosity corrections as
described by Eqs.~22! and ~23!. Subsequently, we used the
measured self-diffusion coefficients to infer at which poly-
mer concentration the spinodal is situated. We plotted these
spinodals in Fig. 5~plus signs!. The data are consistent with
the experimental~observed! phase boundary although the
phase boundary derived from the self-diffusion coefficient

measurements is lower. The discrepancy may originate from
the fact that just above the phase boundary nucleations of the
new phase are extremely slow~and hence not observable!.
Another point is that the application of Baxter’s sticky
sphere model is hardly justified in view of the long range of
the depletion interaction potential. Nevertheless, its use helps
us to understand the phase behavior.

Another aspect not fully accounted for is the viscosity
experienced by the particles. We have calculated an effective
viscosity from Eq.~22! and used Eq.~23! to correct the self-
diffusion coefficient and, hence, the Baxter parametertB .
For the calculation of the effective viscosity we took the
average end-to-end distance of EPS molecules as 211 nm as
calculated from the radius of gyration forRP. The data in
Ref. 31 are described the best way if the end-to-end distance
is taken forRP. With RS5100 nm this giveszh'2.11. Then
we used Eqs.~19!, ~22!, and~23! to calculate the correspond-
ing polymer concentration at the spinodal for every mea-
sured volume fraction. The result is plotted in Fig. 5~dia-
monds!; it is consistent with the observed phase behavior.

V. CONCLUSIONS

Phase separation caused by depletion interaction is ob-
served when EPS is mixed with casein micelles. This
polysaccharide is a nonadsorbing biopolymer with respect to
casein micelles. Various theoretical models were compared
with the observed phase threshold and gave good predictions
of the stability limit. We were also able to calculate a phase
diagram from dynamic light scattering experiments, and
found it to be consistent with observations.
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APPENDIX

In this section we will give some results for the depletion
layer thickness near a flat plate as can be obtained from
self-consistent field~SCF! theory. In the theories of Vrij and
Lekkerkerker it is assumed that changing the polymer con-
centration does not affect the depletion layer thicknessD. De
Gennes,37 however, showed theoretically that the correlation
length of concentration fluctuationsj, which depends on the
polymer concentration, is a good measure forD and gave the
following scaling law for the concentration dependence ofj:

j ; cp
2m , ~A1!

wherem is a scaling parameter which is zero in the dilute
regime and takes values of 3/4~good solvent! or 1 (u sol-
vent! in the semidilute regime.

Hence, in the semidilute regimeD is a decreasing func-
tion of cp. This can be understood by realizing that at very
high polymer concentrations the osmotic pressurePp be-
comes very high, which will push the polymer molecules
into narrower gaps, giving smallerD values. Eventually,D
becomes zero, which agrees with the observation that mixing
colloidal spheres with polymer melts often does not give a
phase separation.

In order to calculate the concentration dependence ofD,
the self-consistent field~SCF! theory of Scheutjens and
Fleer38,39can be used. This theory is based upon a mean-field
approach~m51/2! and enables evaluation of the segment
density profile of polymer molecules situated between two
flat plates as a function of the plate separation at a given
adsorption energy. In the SCF theory the polymer chains are
described as weighted walks upon a lattice. The polymers are
considered to behave as Kuhn chains.40 For a Kuhn chain,
the root-mean-square end-to-end distance,^R2&1/2, follows
from the numberNK of Kuhn segments and the lengthl K of
such a segment as:41

^R2&5 l K
2 NK . ~A2!

For long chains the radius of gyrationRg equalsA(^R2&/6).
However, real chains withN segments, each of lengthl, can-
not be directly described as random-flight chains. The values
for l and N can be translated tol K and NK by demanding
equal contour lengths for the Kuhn chain and the real chain:

L[ l N5 l KNK . ~A3!

When Rg has been measured, the quantityl K can then be
calculated from Eq.~A2! asl K5^R&2/L56Rg

2/L andNK fol-
lows asL/l K .

Fleeret al.21 studied the segment density profile for non-
adsorbing polymer in a solution which is nearx50.5 (u

solvent!, wherex is the Flory–Huggins segment–solvent in-
teraction parameter, and obtained an analytical expression
for D:

sin2S p/2

2D/ l K11D5S 1.95

Nk
D S 11

2.84

ANk
D 2 ln~12fb!22xfb ,

~A4!

wherefb is the bulk volume fraction of polymer molecules.
We calculated theD(cp) dependence forx50.3 and 0.5
which represent values usually found experimentally for
polymers. The results are given in Fig. 6. For polymer mol-
ecules in a ‘‘good’’ solvent usuallyx'0.3– 0.4, leading to a
result in between the curves drawn in Fig. 6. The calcula-
tions were performed withNK5153 andl K517 nm, calcu-
lated from Eqs.~A2! and ~A3! by using the radius of gyra-
tion andL52.60 mm as reported previously.5 Furthermore,
the density of a B40 EPS melt was estimated as 1000 kg/m3.
In Fig. 6 it is shown thatD has a value of 96 nm atcp,1
g/l , which nearly agrees withD5Rg . Above this concen-
tration, D decreases as a function ofcp as can be expected
sincecp* 50.92 g/l . In the concentration region where we
observe and calculate phase separation~from 0.3 to 1.5 g/l !,
the decrease ofD as a function ofcp can be neglected andD
has a constant value. This means that we do not have to
incorporate aD(cp) dependence in our calculations.
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