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Summary
The monomer-dimer
equilibrium of the protein /?-la&globulin
under neutral conditions appears
to influence the rejection and the osmotic pressure build-up, both phenomena closely related to
ultrafiltration.
Rejection measurements
indicate different rejections for the/3-lactoglobulin
monomers and dimers: the membrane rejects the dimer almost completely and the monomer only partially. The osmotic pressure turns out to be highly dependent on the protein concentration.
A good
agreement, up to high concentrations,
is found between experimental data and theoretical osmotic
pressures, calculated by taking into account the state of association, the excluded volume and the
Donnan effects. The effect of changes in pH on the osmotic pressure has been measured: a minimum was found around pH = 4.5, where according to the literature, maximum protein-protein
interaction occurs.

Introduction
During the past few decades whey, a liquid produced when milk is processed
into cheese or casein, has developed from dairy waste into a valuable dairy
product. In particular the whey proteins and lactose are valuable components
of whey, and the isolation and the purification of the protein fraction has gained
particular interest. Whey protein concentrates ( WPC) can be made in various
compositions, depending on the process used, with a wide range of nutritional
and functional properties [ 11. The major component of the whey proteins is
the protein P-lactoglobulin.
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One of the methods of processing whey is by ultrafiltration. An important
aspect of ultrafiltration is the protein rejection, which is influenced by both
membrane and solute characteristics. In the case of a solute such as /?-lactoglobulin, which shows a concentration-dependent association, different rejections may be expected for the different states of association. Osmotic-pressure
measurements may give information on the association equilibria of /3-lactoglobulin under ultrafiltration conditions.
The osmotic pressure is also related to ultrafiltration in another way: in
addition to solute adsorption, pore blocking etc., the permeate flux is limited
by the difference in the osmotic value of the solutions on each side of the membrane. The osmotic pressure difference AII7,which is further increased by concentration polarization at the membrane surface, decreases the flux by
decreasing the effectiveness of the applied trans-membrane pressure [ 2,3,4].
The objectives of this paper are:
- to present osmotic-pressure data, measured under actual ultrafiltration process conditions, for the associating protein p-lactoglobulin;
- to explain these data by considering protein association, excluded volume
and Donnan effects; and
- to show the relation between protein association and rejection.
Theory

1. The association of /?-lactoglobulin [5]
Several genetic variant of the protein /?-lactoglobulin exist, each with slightly
different properties. Variants A and B are present in milk and whey obtained
from Frisian cows. The protein tends to form oligomers, mostly dimers and
some octamers, while other n-mers are present in negligible amounts. These
oligomer formations seem to be the result of non-covalent bonds, which are
probably based on hydrophobic interactions. Normally these interactions are
maximal around the iso-electric point, which for P-lactoglobulin is at pH = 5.2.
Both at lower and higher pH-values (until pH zz8, above which denaturation
occurs) the state of association changes to form more monomers, fewer dimers
and far fewer octamers.
This state of association of /?-lactoglobulin has been the subject of extensive
research [ 6-111. Although the influence of several parameters such as pH,
ionic environment, concentration and temperature has been investigated, no
data were available for practical (ultrafiltration) use. Georges et al. [ 61 gave
monomer-dimer equilibrium constants (I&)
for several combinations of pH
and temperature, obtained from light-scattering measurements. For pH = 6.6
and T= 323 K a value of Keg ( = ( Cmonomers)
‘/Cdimers)can be obtained from
their data by interpolation: Keg= 2.90 x 10m5mol-ill. Using this equilibrium
constant the percentage of/3-lactoglobulin dimers in solution can be calculated
as a function of the total concentration. This dependence of the state of asso-
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Fig. 1. The fraction of dimers of/I-la&globulin
(pH=7.0andI=O.lN).

B as a function of temperature and concentration

2. Rejection in ultrafiltration
The rejection of a solute in protein ultrafiltration, at constant pressure, is
known to be dependent on membrane type (pore size and pore distribution),
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Fig. 2. The fraction of dimers of j?-lactoglobulin B and C as a function of pH and concentration
( T= 293K and I=O.l IV). Equilibrium constants from literature (see Table 1).
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on solute adsorption [ 131 and the presence of a concentration polarization
and gel layer [ 141.
The rejection as observed in an experiment is defined as:
R=l-

(CJC,)

0)

where C,, is the concentration of the permeate (g-l-‘) and C, is the concentration of the (bulk) concentrate (g-1-l). In fact, the true rejection should be
calculated from the concentration at the membrane interface, which is much
higher than the bulk concentration because of concentration polarization. This
interfacial concentration cannot be measured directly. The state of association
of P-lactoglobulin will add one more variable to the set of parameters which
determine the overall rejection value R, because protein association can be
expected to increase the protein rejection.
3. Osmotic pressure
Several relations have been proposed to describe the osmotic pressure of
macromolecular solutions at different concentrations [ 4,15,16]. The basic
thermodynamic equation for non-ideal solutions is (e.g. Ref. [ 171) :

(2)
in which the virial coefficients Bz (l-g-‘) and B, (12-g-‘) can be calculated as
a function of several parameters, such as the excluded volume, the hydration
and the Donnan effects.
In this work we shall calculate the osmotic pressure to a certain extent like
Vilker et al. [ 181 have proposed: the osmotic pressure is calculated taking into
account the ideal Donnan effects (the first term in eqn. 3) and the excluded
volume (the second term in eqn. 3 ) :
n=103RT

[2

(ZC/2M)2+P-21]+~(C+B2evC2+B,“C3)

(3)

where 2 is the net charge of the proteins and I is the ionic strength of the
protein solution. To calculate the Donnan-effect term we shall use Z= - 12
and M= 35,500, as found by Basch and Timasheff [ 121 at pH = 6.6. The value
of Z= - 12 is an average for /3-lactoglobulin A and B. The Donnan effects will,
of course, be calculated by using the total protein concentration.
The excluded volume-based virial coefficients BgeVand BseVwill be calculated
as functions of the molecular volume U, (m”) and the shape-dependent
parameters R, (m) and S, (m”) [ 191:
Bpev= (u, +R,S,)(lO”

B3-‘=

M,J2

+2

R,S,v,

N,,/M)

+~~RlS,)2]

(4)

(10~ Na,/M)2

(5)
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TABLE 2
Shape-dependent parameter equations used to determine the virial coefficients B,“’ and B,“’
For spheres

For cylinders

43 n r3

a 91
(l+r)/4

r

2 71r(l+r)

4 71r2

where Nav is Avogadro’s number.
To calculate u,, RI and Sl we have made use of the fact that the P-lactoglobulin monomer is a globular protein, while dimeric /‘I-lactoglobulin is rod-like
[ 15 I. For the rmmner
r= 1.8 nm is used and for the cylindrical dimer r= 1.8

nm and 1= 7.2 nm [ 51. Table 2 shows the equations necessary to calculate the
viral coefficients. Based on eqn. (3)) n ~total~can be calculated according to
n,t,t*,, =n

ev

(IIUXXIIIXXS)
+ 9”

(dimers)

+ rD(mixture)

(pa)

(6)

are the excluded volume terms of the osmotic
pressure of the monomers and the dimers, respectively, and zn is the Donnaneffect term on the osmotic pressure using the total concentration
of the mixture.
where

~ev~monomerS~

and

71e”(dimers)

4. Determination of the state of association by reduced osmotic-pressure
measurements
The reduced osmotic pressure (x/C) can give more information
about the
state of association of /3-lactoglobulin.
When the reduced osmotic pressure
(n/C) is plotted versus the concentration,
according to Van’t Hoff’s law, the
molecular weight M can be determined
by extrapolating
z/C to C=O (i.e.,
when an ideal situation is approached),
then:
z/C lim=RT/M
C-0

(Pa-l-g-l)

(7)

Or reversed, when the molecular weight is known, the state of association of
/?-lactoglobulin
can be deduced. For P-lactoglobulin:
n/C= 146.7 Pa-l-g-l for
monomers with M= 18,300 and z/C= 73.3 Pa-l-g-’ for dimers with M= 36,600.
The value for the reduced osmotic pressure of a mixture of monomeric and
dimeric protein molecules can easily be derived, knowing the contributions
of
both the monomers and the dimers and the Donnan effects for the entire
mixture:
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Materials and methods

1. j34uctoglobulin
The /?-lactoglobulin was isolated at NIZO from casein whey. After desalting,
clarification [ 201, ultra- and diafiltration, the whey protein mixture was fractionated on a Pharmacia Stack KS370/15 pilot-plant column, using DEAE
Senharose Fast Flow anion exchanger. The pure fractions were concentrated
by-ultrafiltration and freeze-dried.
Protein solutions were made by dissolving’the /3-lactoglobulin in a Jenness
and Koops buffer (I= 0.1 N) of the desired pH [ 211. Adjustments were made
by adding 0.1 N HCl or 0.1 N NaOH to the solutions.
The water used was distilled and pre-filtered using a reverse-osmosis membrane module ( Nitto NTR 7250).
2. Osmotic pressure measurements
The osmotic pressure as a function of concentration and solution pH was
determined using a high-pressure osmometer [ 221, thermostatted at
50.0 -+0.5”C. This osmometer is capable of measuring osmotic pressures larger
than 0.5 kPa.
Both Abcor HFK-131 membranes (1M, cut-off 5000, rejection 99.9+ % for
P-lactoglobulin) and Amicon Diaflo UM-30 membranes (&. cut-off 30,000
with 99 + % rejection forp-lactoglobulin) were used in the osmometer. In order
to obtain information on the influence of pH, osmotic pressure measurements
were performed at 323 K with solutions at various pH and concentrations of
100 g-l-l.
3. Rejection measurements and ultrafiltration experiments
The ultrafiltration experiments were performed with an Amicon TCF-1OA
thin channel cell. The experimental conditions were: T= 323 K, dP= 150 kPa
and tangential flow velocity u = 1.63 m-set-I. The membrane used was a Rhone
Poulenc Iris 3038 membrane (i’v& cut-off 30,000).
4. Analytical procedures
The concentration of the /3-lactoglobulin solutions, used for the osmoticpressure experiments, was determined chemically by the Kjeldahl method [ 231.
As a control the p-lactoglobulin concentration of the solution at the solvent
side of the osmometer was also determined.
To determine the concentration during ultrafiltration of both the concentrate and the permeate (very low concentrations), and also to control the purity
of the protein, high-performance gel permeation chromatography (HP-GPC)
was used. The column used was a DuPont GF250 column, the detection wavelength was 280 nm and the buffer: 0.1 mol-1-l potassium phosphate/O.15 mol1-l sodium phosphate at pH = 6.0; the flow rate was 1.0 ml-min-‘.
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Fig. 3. Solid curve: rejection of /3-lactoglobulin as a function of feed concentration (Iris 3038
membrane, pH~6.6, T=323 K and I=O.l N). Dashed curve: fraction of dimers at the same
conditions.

Results and discussion

1. Rejection
From seven

independent, batch-wise performed ultrafiltration experiments
a number of rejection data were gathered at different degrees of concentration.
Each experiment was performed with a new Iris 3038 membrane. This resulted
in the rejection as a function of the concentration as plotted in Fig. 3. Because
all data points are situated on one curve, even though starting concentrations
ranging from 0.1 to 4.0 g-1-l were used, it can be concluded that any shifts in
association equilibria do not influence the rejection significantly. For comparison the fraction of dimers at the experimental conditions
(using
K,,=2.90~ lop5 mol-1-l) is given by the dashed line.
The rejection increases clearly with the protein concentration of the retentate. This may also be predicted from the increasing fraction of dimers, resulting from the monomer-dimer equilibrium of P-lactoglobulin. The rejection of
the dimers will be higher than the rejection of the smaller monomers, so the
total rejection will increase. Though knowing the quantities of monomers and
dimers and the total rejection, the exact rejection of both the monomers and
the dimers cannot be calculated yet. The explanation must probably be found
in additional phenomena which play a role in protein rejection during ultrafiltration: partitioning of solute in the pore entrance area, solute adsorption,
pore blocking and eventually the formation of a gel layer. These phenomena

315

osmotic

pressure

IkPal

concentration

(g.l-9

Fig. 4. The osmotic pressure of fi-la&globulin as a function of concentration (pH = 6.6, T=323
K and I=O.l N) . Solid curve: measured osmotic pressures (eqn. 10) ; the membranes used were
I:) A;;icon Diaflo UM 30 and ( l ) Abcor HFK131. Dashed curve: calculated osmotic pressures
n.
.

are functions of time, protein concentration and the membrane characteristics, which are quite complex altogether and have not been exactly under control until now.
When, at the start of an experiment and at very low concentrations, the
rejection is measured, it appears that this rejection is higher than could be
expected from rejection of dimers only. At this point the above-mentioned
additional phenomena will be of minor influence, so that the rejection of monomers will be higher than zero. For instance a rejection of ca. 50% for monomers
and 100% for dimers at initial conditions (low concentrations, no proteins
adsorbing or pore blocking) can explain the initial overall rejection quite well.
At higher concentrations the rejection then increases as a result of the phenomena mentioned above.
2. Theosmotic pressure of fi-lactoglobulin
Results of osmotic-pressure measurements using both the HFK 131 membrane and the UM 30 membrane are reported in Fig. 4. The small permeability
for B-lactoglobulin when using the UM 30 membrane did not seem to effect
the measurements. The maximum concentration at the “pure-solvent” side
was 0.5 g-l-’ which results in a (very small) osmotic pressure of about 40 Pa.
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Curve fitting of the data by a non-linear least-squares method resulted in:
II = 79.4c+ o.419c2 +0.002X3

(Pa)

(10)
where C is in g-1-i. Though there is a small difference between the experimental osmotic pressures (the drawn curve in Fig. 4) and theoretical values based
on the theoretical model (the dashed curve in Fig. 4)) we think the agreement
is remarkable. Thus, using simple theoretical equations, the osmotic pressure
can be predicted rather accurately, even at higher concentrations. At high concentrations, such as appear at the membrane during ultrafiltration, the osmotic
pressure can reach rather high values, e.g. rc z 85 kPa at 250 g-1-l and z M260
kPa at 400 g-1-l. According to the osmotic pressure model these osmotic pressures will reduce the driving force (&-LIZ) considerably, resulting in much
lower product fluxes.
3. The state of association of /I-lactoglobulin
In Fig. 5 the reduced osmotic pressure is plotted against the concentration.
The drawn line is derived from the curve-fit equation (eqn. 10). Extrapolation
to C= 0 yields a value of 79.4 Pa-l-g-l. This value approaches the value of 73.3
Pa-l-g-l for dimers quite well, so that from these osmotic-pressure measurements it can be concluded that j-lactoglobulin,
at the concentrations used,
mainly consists of dimers.
Because osmotic pressures were measured only of solutions with moderately
high to very high concentrations, this conclusion corresponds with the calculations made before. From data on the equilibrium constant it was shown that
at low concentrations the P-lactoglobulin mainly consists of monomers. This
seems to contradict the experiments, where P-lactoglobulin seems to consists
only of dimers, and therefore the theoretical reduced osmotic pressures were
also calculated using eqn. (8). The result is the dashed curve in Fig. 5. Starting
from the value of n/C= 146.7 Pa-l-g-’ for monomers, according to Van? Hoff’s
law, the reduced osmotic pressure decreases rapidly, reaches a minimum at a
rather low protein concentration and increases again.
4. The influence of pH on the osmotic pressure

In Fig. 6 a comparison is given of the osmotic pressure, measured at various
pH values, with the expected osmotic pressure at pH=6.6. A minimum was
found around pH = 4.5. It should be noticed that this region is not the locus of
the /3-lactoglobulin iso-electric point, which is at 5.2. However, this minimum
corresponds with the minimum (pH = 4.40-4.65) in free enthalpy of the association reaction, derived from sedimentation and light-scattering experiments
[ 7,241, resulting in maximal protein-protein
interactions in this region.
At both lower and higher pH the osmotic pressure increases quite symmetrically around pH = 4.5, suggesting a relation with the degree of protein asso-
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Fig. 5. The reduced osmotic pressure of /34actoglobulin as a function of concentration (pH=6.6,
T=323 K, I=O.l N) . Solid curve: experimental curve, using eqn. (10). Dashed curve: theoretical
curve, using eqn. ( 8 ) .
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Fig. 6. The osmotic pressure of /I-lactoglobulin as a function of pH (concentration= 100 g-l-‘,
T=323 K and I=O.l N),
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ciation. At pH values much higher than 6.6/?-lactoglobulin will readily denature
and therefore this high pH region was not investigated.
Conclusions

During ultrafiltration of/?-lactoglobulin solutions both protein rejection and
osmotic pressure are influenced by the state of association of the protein.
The increasing rejection with the protein concentration appears to be related
to the increasing degree of protein association, although not exclusively. Probably other phenomena, such as solute adsorption and pore blocking, also
increase the rejection.
The osmotic-pressure data support the data on the association of /3-lactoglobulin derived from the literature. Under common process conditions during
ultrafiltration of sweet whey ( T= 323 K, pH = 6.6)) most of the /3-lactoglobulin is present as dimers. During ultrafiltration
of acid whey (T=323 K,
pH = 4.5) oligomerization probably takes place.
Taking protein association, the excluded volume and Donnan effects into
account, the osmotic pressure at various concentrations and process conditions can be predicted rather well.
Especially during ultrafiltration of sweet whey when high concentrations
occur at the membrane surface, considerable contributions of the osmotic pressure to limitation of the flux must be expected.
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List of symbols

B,
c
I

4
Keq
1
M

N?I”
P

rzth virial coefficient (I”- ’ -g-“+ ’ )
concentration (g-l-‘)
ionic strength (mol-1-l)
product flux (I-m-2-hr-1)
association equilibrium constant (mol-1-l)
length (in Table 2) (m)
molecular weight (g-mol-‘)
Avogadro’s number (mol-I)
applied pressure (Pa)
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radius (m)
rejection ( - )
gas constant (J-mol-l-K-l)
shape-dependent parameter in eqns. (4) and (5) (m)
shape-dependent parameter in eqns. (4) and (5) ( m2 )
temperature (K)
cross-flow velocity (m-s-‘)
molecular volume (in Table 2) ( m” )
charge number ( - )
osmotic pressure (Pa)
Subscripts
(bulk) concentrate
Donnan effect
L
permeate
P
Superscript
excluded volume
ev
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