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The ultrafiltration of a single protein ( B-lactoglobulin) solution was compared with a
mixture of yeast extract and B-lactoglobulin to show that, even when all the compounds
of a complex biological solution interfere with the results of filtration, it can estimate its
performance just using some major assumptions connected to a mass-transfer model.
Preliminary experiments based on these assumptions showed that the filtration of a
single rejected protein like B-lactoglobulin builds a dynamic layer at the wall, the selec-
tivity and resistance of control by the protein concentration and formation of this dy-
namic membrane. Adding yeast extract, a complex biological medium, can alter this
layer. But at neutral pH, away from the protein isoelectric point, these modifications are
weak and their effects more negligible than those arising from a modified concentration.
Using these assumptions, a model based on the theory of thermodynamics of irreversible
processes is proposed that provides the correct description of selectivity and flux during
the filtration of such complex and badly known mixtures.

Introduction

A large number of important commercial membrane pro-
cesses involve the filtration of biological solutions containing
proteins, peptides, amino acids, salts, and other compounds,
such as organic acids, sugars, and vitamins; for example, the
concentration of whey proteins in the production of a variety
of dairy products, the filtration of wine, and the purification
units in downstream processing. Although ultrafiltration (UF)
is already extensively used, there is currently little under-
standing and model specifically developed for such complex
systems. Several mechanisms may be involved in the transfer
of a particular solute through UF membranes. The first one
is steric hindrance: the membrane is considered a sieving bar-
rier that retains molecules according to their size. Besides
this notion, it is also worth considering van der Waals, elec-
trostatic or chemical interactions between membrane and
solutes or even among solutes themselves; they play a large
part in the building of filtration selectivity. The total resulting
effects are complex. A typical case is biological solutions,
where all these interactions are involved on numerous and
often poorly understood solutes.

A number of studies have demonstrated that protein foul-
ing is one of the critical factors determining the filtrate flux
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during UF processes. Marshall et al. (1993) reviewed these
studies and the role of the different operating conditions.
More recently, some authors proposed models to describe the
transmission of solutes (Rabiller-Baudry et al., 2000) and the
flux (Palecek and Zydney, 1994), starting from the known
properties of membranes and solutes (surface potential,
charge density, and the electrophoretic mobility of solutes).
Another way to describe transport is the phenomenological
approach. Nakao and Kimura (1981) characterized the foul-
ing layer formed during tangential filtration—the so-called
dynamic membrane—with a model based on the thermody-
namics of irreversible processes. In this approach, the mem-
brane and the dynamic layer are considered as a black box.
The “pore model,” first established by Verniory et al. (1973)
and further modified (see Nakao, 1994; Zhao et al., 2000),
brings complementary information on the “membrane +
deposit” system. It is used to characterize rp, the pore radius,
and Ak/Ax, the ratio of Ak, the total pore to the effective
membrane area, to Ax, the membrane thickness, assuming
cylindrical uniform pores and spherical solutes.

Most of the published studies on transport modeling deal
with known proteins or known mixtures of proteins and buffer
(Nakao and Kimura, 1981; Bullon et al., 2000). On the con-
trary, industrial processes apply to poorly known solutions
that are much more complex than those treated in theoretical
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studies. Based on Nakao’s approach and specific assump-
tions, our aim is, thus, to propose a new way to depict solute
and water transfer through UF membranes when the feed
solution is complex and mostly undetermined (because of the
difficulties in identifying the solutes and in obtaining their
characteristics: size, density of charge, etc.). Feed solutions
chosen in this study are, thus, very complex and not entirely
determined as a real solution would be. Two components have
been chosen to represent different classes of compounds: S-
lactoglobulin, as a model for the large proteins completely
rejected by the membrane, and yeast extract (that contains
peptides, amino acids, and salts) to represent the complex
part of the solution. To quantify the performance of the sep-
aration and to analyze fouling and selectivity during filtra-
tion, two criteria (permeate flux and transmission rate of a
reference molecule added to the mixture as a tracer) have
been chosen. Both components were filtered separately un-
der various operating conditions (concentration and ionic
strength) to point out the relative importance of each one as
regards to filtration results. From Nakao’s approach, the pore
size and porosity of the “membrane +deposit” system as a
function of operating conditions follow. Then, the filtration
of mixtures has been carried out and their results compared
to single-compound filtration. As presented in this article, this
comparison gives a way to extend Nakao’s approach to com-
plex mixture analysis by an original procedure.

Theoretical Background

Solute rejection by UF membrane leads to the formation
of a deposit, often referred to as dynamic membrane, that is
composed of all the species deposited at the wall (irreversible
or reversible process). Next to the dynamic membrane, the
concentration polarization phenomenon occurs in the mod-
ule and is responsible for a concentration gradient in the so-
lution, between the bulk and the membrane. Using the de-
scription of these two phenomena (Figure 1), the real charac-
teristics of the membrane at work can be taken from the ex-
perimental results provided by the filtration of a well-known
and size-determined reference solute. More details are given
in the following paragraphs.
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Figure 1. Concentration polarization and dynamic mem-
brane formation.
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The film model is used to describe the polarization in the
boundary layer. Equation 1 results from the mass balance,
which accounts for the convective flow that brings the solute
from the bulk to the membrane, and the diffusive flow that
settles in the opposite direction due to the concentration gra-
dient

IpC. = JpC D—dc 1
=JpC +
pC,=Jp & (1

with Jp the permeate or solvent flux (m*-m~2-s™!), C the
solute concentration (kg-m~3) in the layer, C, the solute
concentration in the permeate (kg-m™3), and D the solute
diffusivity (m?+s~1). Assuming that D is constant, the inte-
gration of this relationship in the boundary layer between y
=0 at the wall (C=C,,) and y=34, the boundary-layer

thickness (C = C,)] gives

PR B @
5 |c,-c,

The ratio D/5 is the diffusive mass-transfer coefficient, also
written k (m-s~!). This coefficient can be estimated with
correlations that put together the three classic dimensionless
numbers Re (pud/up), Sc (u/pD), Sh (dk/D) (van den Berg
et al., 1989). In the area of operating conditions (Re greater
than 5,000, turbulent flow, and Sc greater than 1,000 for the
filtered solutes), van den Berg et al. suggest that the
Harriot—Hamilton correlation be used, as expressed in Eq. 3

Sh = 0.0096 Re®*'Sc "% (3)

Starting from the bulk concentration (C,) and the measur-
able results of filtration (Jp, Cp), it becomes possible with k
to estimate the concentration of a given solute at the wall
().

As said before, the solute transfer through the membrane,
which means from C,, to C,,, can be described using the phe-
nomenological approach. The various flux (solutes and water)
through the black box associated with the membrane + deposit
system are assumed to be linear functions of their origin (ap-
plied forces). The transport equations can be written as

Jp=Lp(AP — oAm) 4
Js=PAC,+(1—a)C,Jp Q)

where Js is the solute flux (kg-m~2-s7!); AP is the trans-
membrane pressure, which constitutes the process driving
force, and Aw is the osmotic pressure difference, a conse-
quence of solute discrimination at the membrane walls (both
expressed in Pa). In these equations, the membrane charac-
teristics are described through three parameters: Lp, the pure
water permeability (m-s~!'-Pa~!); P, the solute permeability
(m-s™1); and o, the reflection coefficient in the 0 (no reten-
tion of the solute) to 1 (completely rejected solute) range.
Also, AC, is the difference between the concentrations of the
solute at the inner (C,,) and outer (C,,) membrane walls, and
C, is the average concentration inside the black box. In those
cases where AC, is reduced, a simple use of the logarithmic
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mean gives the proper estimation of C,. Otherwise, Nakao
suggests preferentially the following equations
1-F
R,=1—Tr,=0'( ) 6)
1-0oF
1-0)J
F=exp ( - %) @)

where Tr, is the intrinsic transmission rate (also called intrin-
sic sieving coefficient), defined as the ratio between C, and
C,,, and R, is the retention rate.

A clear distinction must to be made between this intrinsic
transmission rate, Tr,, the observed transmission rate (Tr,,
the ratio between C, and C,), and the reflection coefficient
o. Indeed, (1— o) is the transmission limit obtained at very
high convective flow, while 77, is the pure separation factor
due to the black box considering that there is no concentra-
tion polarization, and 7Tr, is the observed transmission that
accounts for polarization limitation and represents the effec-
tive process selectivity as given by experiments.

Most of the time, Lp is determined from the water perme-
ate flux as measured on the prefouled membrane (that means
when C,, = 0). However, this method is incorrect in the pres-
ence of a reversible deposit. For this reason, we have chosen
to estimate Lp, considering that for a completely rejected
solute o is close to 1. Equation 8 follows

Jp=Lp(AP—m,) (®)
There are different ways of accounting for the osmotic pres-
sure at the wall on the retentate side (,,). More often, an
expression derived from the virial theory is chosen and gives
the osmotic pressure as a function of the concentration with
a polynomial expression of degree 3 (van den Berg et al.,
1989; Prabhakar et al., 2000) or 2 (van Reis et al., 1997). As
these correlations are not always clearly established, some
authors use the van’t Hoff law that gives a good estimation
(Niemi and Palosaari, 1993)
= C,, RET/M )
where Rg is the gas constant (8.314xJ-mol™ 1K™ 1), M is
the molecular weight (kg-mol™!), and T is the temperature
(K). The permeate flux relation becomes
Jp=Lp(AP = C,,RgT/M) (10
This relationship, valuable for completely rejected solutes like
B-lactoglobulin, must be modified when solutes are not com-
pletely rejected by the membrane. In that case, the osmotic
contribution (which is A7 rather than ) is multiplied by o.
When a mixture is filtered, the total osmotic contribution is
obtained by adding the osmotic contribution of each solute.

The phenomenological coefficients (o, P) are estimated at
the minimum standard deviation between direct calculations
of Tr, and experimental values derived from the film theory.
More precisely, the final (o, P) are obtained at the mini-
mum of the sum of the square of the difference between 77,
calculated from the TIP model (Eq. 6), and Tr, deduced from
the film model (Eq. 2) and experimental results.
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As was said in the Introduction, the pore theory is then
used to convert these phenomenological coefficients, ob-
tained with a given solute, into intrinsic characteristics of the
black-box system. In this model, the solute flux is expressed
as the combination of a convective and a diffusive flow

5= D, (NSH(N) 3 AC, + DELNS(A) (1D

where f(A) and g(A) are two correction factors that account
for the wall effects, while Sy and S, are steric factors de-
duced from Ferry and Zeman studies. Nakao (1994) and Zhao
et al. (2000) report the following relationships between A, the
solute to pore-size ratio, and Sp, Sg, f, g, respectively

Sp=(1-))° (12)
Sp=2(1-A)>=(1-2)* (13)
N 1=21A42113 =171 +0.73)° "y
F)= 1—0.76A5 (4)
R 1-0.66A2 —0.2A° s
s =" g76x (1)

The TIP and pore theory models are linked through the per-
meate flux equation, and the phenomenological parameters
can be expressed as a function of the characteristics

o=1-g(M)Sp (16)
Ak
P=Df(/\)SDA_x (17)
p? Ak

This last equation (Poiseuille law) directly connects the rp
and Ak/Ax characteristics. Consequently, their calculation
may be realized simultaneously with o and P estimations.

This entire estimation method has already been applied to
the filtration of one single solute solution (in the presence of
a reference molecule) to characterize the fouled membrane
(Nakao and Kimura, 1981; Sarrade et al., 1994; Bullon et al.,
2000). On the other hand, we can imagine finding the perme-
ate flux and transmission rate of a particular solute on a given
membrane when its characteristics are known. A part of our
work aims at validating this original procedure.

Experimental Studies
Solutions

Species involved in this study are: yeast extract (YE) (Bio-
kar Diagnostic, France), B-lactoglobulin (beta) (Protarmor
865, Armor proteins), vitamin B12 (B12; our reference
molecule), and sodium chloride (Merck). The known charac-
teristics of these components are shown in Table 1.

Yeast extract was analyzed by size exclusion-HPLC using a
TSK2500PW column; detection was made at 215 and 280 nm.
With this method, the effective mass distribution of proteins
and peptides was found between 100 and 5,000 Da.
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Table 1. Characteristics of f-Lactoglobulin, Yeast Extract,
and Vitamin B12

Species Characteristics

B-lactoglobulin (beta)

Globular protein
MW dimer : 36 kD, rs* = 2.7 nm
(dimer forms at neutral pH)
IEP =53

MW: 100-5000 D**
Mass fraction: 75%

Yeast extract (YE): R
1/Protein and assimilated’

2/Salts Mass fraction: 15%
3/Other contents: Mass fraction: 10%
Vitamin B12 (B12) MW: 1.35 kD, rs* = 0.74 nm

*Stokes radius.
**Equivalent MW of 1200 D as determined by Darnon (2001) with other
experiments.
TMainly peptides and amino acids.

All the solutions were prepared with ultrapure water, and
sodium azide was added at 0.2 g-L ™! to prevent contamina-
tion.

Membrane

UF experiments were carried out using a 15-kD inorganic
membrane from Orelis (Carbosep M2). This membrane is
composed of a carbon support and a zirconium oxide active
top layer. The characteristics of the membrane and its mod-
ule are given in Table 2. The sieving capacity of the mem-
brane was estimated beforehand, starting from the filtration
of size-determined solutes without interactions with the
membrane material. Two polyethylene glycol (600 g-mol ™!
and 6,000 g-mol~!) and vitamin B12 (1,355 g-mol~!) have
been chosen and filtered at various operating conditions (1 to
4m-s™!, 200 to 600 kPa). Figure 2 shows the evolution of the
observed transmission rate as a function of molecular weight,
at high tangential velocity (4 m+s~!) and low transmembrane
pressure (200 kPa). Under these conditions, the polarization
concentration is reduced to a minimum and the sieving char-
acteristics of the membrane are better underlined. Then, us-
ing the film, TIP, and pore approach, the global pore radius
was estimated. The results, compiled in Table 3, are in good
agreement with those reported by Lucas et al. (1998) for the
same membrane.

Experimental apparatus

The experimental setup is shown in Figure 3: a tubular
membrane module is fed with constant velocity using a volu-

Table 2. Membrane (carbon support, ZrO, layer) and
Module Characteristics

Tubular

Internal diameter 6 mm
External diameter 10 mm
Length 12 cm

Module configuration
Membrane dimensions

Total effective surface 24.5 cm?
Hydraulic resistance 45-102 m~!
Surface charge Isoelectric point : 6.5
MWCO* 15kD

*Specified by the manufacturer.
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Figure 2. Evolution of Tr, as a function of molecular
weight.

Table 3. Basic Data from Clean Membrane Characterization

P n Ak/Ax Lp

Solute o (m-s™) (@m) m Y (@m-Pa~l-s7 1)
PEG 600 0.227 1.81x107° 2.6 1.94x10° 1.62x1071°
Vitamin B12 0.138 1.43%x107° 29 1.59x10° 1.62x10°'°
PEG 6000 0.774 3.78x1077 2.6 1.86x10° 1.62x10~'

metric pump (Wanner Hydra-Cell). The retentate is recycled
to the 2L-feed tank, while the permeate is collected or rein-
troduced into the feed tank. The permeate flow rate is mea-
sured in a continuous way, with the balance connected to a
computer. The transmembrane pressure is adjusted with a
manual valve and measured by a pressure gauge. All experi-
ments are temperature controlled, with the regulation system
inside the feed tank.

Thermostat

Retentate

Feed tank

6 1

1 : Volumetric pu
Wanner HydIa-%eIﬁp

2 : Pressure jauge

: Cartridge

: regulation valve
: Pressure jauge

: Feed Tank

: Thermostat

: Balance

Tubular
Cartridge

00 N bW

Figure 3. Experimental setup.
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Filtration experiments

Cross-flow UF experiments are carried out at constant
temperature (20°C), transmembrane pressure (200 KPa), and
tangential velocity (2 m-s™!). Under these conditions, a tur-
bulent flow settles in the UF module (Re numbers higher
than 12,000).

Before the experiment, ultrapure water is filtered at con-
stant operating conditions (200 kPa, 2 m-s~!, 20°C) so as to
calculate the membrane hydraulic resistance, Rm, and the
pure water permeability, Lp,. Then, the biological solution is
introduced into the pilot apparatus and filtered for 30 min.
The permeate is recycled into the feed tank to keep the feed
concentration at a fixed level. The steady-state flux is esti-
mated at 30 min; the error on the flux is less than 5%. Simi-
larly, the transmission rate of vitamin B12 is measured with
samples (retentate and permeate) collected at 30 min.

At the end of each experiment, the apparatus is rinsed with
water and then cleaned with sodium hydroxide (2%, at 80°C,
30 min with 200 kPa) and nitric acid (1%, at 60°C, 30 min
with 200 kPa) solutions. The efficiency of the cleaning proce-
dure is checked by pure water filtration: there must be 100%
flux recovery.

Analytical procedure

The polyethylene glycol concentrations are estimated using
the refractive index measurement of the outlet stream from a
size exclusion-HPLC TSK2500PW column.

Vitamin B12 concentration is measured with a spectropho-
tometer (Unicam 8625) at 361 nm. With an error of 4% on
the absorbance measurement, the transmission value is ob-
tained with a precision of 8%.

The protein concentration is estimated using the Bradford
colorimetric method. Coomassie reagent (Kit Pierce) is sup-
plied by Pierce. Detection is made at 595 nm.

The total dry extract (DE) is measured by adding 3 mL of
samples with 20 g of Fontainbleau sand (Prolabo) at 110°C
until a constant weight (24 h is the adequate time) is reached.

The YE concentration is not precisely analyzed, but rather
deduced from the DE, B12, and B-lactoglobulin concentra-
tions.

Selectivity analysis

The experimental selectivity of the dynamic membrane for
each system is characterized by means of the observed trans-
mission-rate value of the standard molecule vitamin B12,
Trp'"?, defined as the ratio C,/C,. Here C, and C, are the
concentrations (kg-m™3), in the permeate and the feed, re-
spectively. Since vitamin B12 is neutral, and has a well-known
size, the evolution of its transmission rate is well correlated
to the change in the effective sieving capacity of both the
clean or fouled membrane: the decreasing value of 7r2!? in-
dicates a reduction in the effective pore size of the filtering
layer, and thus a reduction in the molecular cutoff (MWCO).
The membrane is said to be tighter (or more selective).

Filtration of B-Lactoglobulin

A B-lactoglobulin solution containing vitamin B12 as the
reference molecule (0.2 g-L™!) was filtered. During the fil-
tration, the protein concentration was increased from 1 g-L ™!
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Figure 4. Influence of g-lactoglobulin concentration on
Jp (m) and TrB'2 (e).

to 10 g-L™', and the vitamin B12 concentration was kept
constant. This was accomplished by adding a more concen-
trated protein solution (40 g-L~!) with 0.2 g-L~! of B12.
Because the concentration of protein was progressively in-
creased, this experiment is referred to as “continuous.” Fig-
ure 4 shows the evolution of the vitamin B12 transmission
rate and of the permeate flux as a function of the protein
concentration.

The first point to notice is that the membrane sieving char-
acteristics depend on the presence of B-lactoglobulin: the vi-
tamin B12 transmission rate is below 70%, whereas it stands
over 85% when BI12 is filtered in the absence of protein.
These modifications indicate that a dynamic membrane more
selective than the initial one settles, whatever the protein
concentration.

This figure also reveals that an increasing protein concen-
tration leads to a more resistant (Jp is decreasing) and a more
selective (Tr21? is also decreasing) membrane. This behavior
can be easily explained by considering the presence of a
growing dynamic membrane, and has already been observed
(Matsuyama et al., 1994).

In addition to the concentration, the way the dynamic
membrane is formed strongly influences its characteristics. To
advance this role, four new experiments were carried out suc-
cessively, with solutions presenting a constant protein con-
centration (between 1 and 8 g-L™1). In that case, and con-
trary to what had been done here before, the concentration
of the protein was not progressively increased, which is the
reason why these experiments are referred to as “discontinu-
ous.”

The comparison between these two modes of formation
(continuous and discontinuous) is reported in Figure 5. The
observed transmission rates of B12 are higher when the con-
centration is continuously increased during filtration, indicat-
ing that the molecular arrangement in the deposit presents a
smaller selective dynamic layer. But the mode of formation
has no clear influence on the permeate flux.

In the second set of experiments (discontinuous mode) that
keep the protein concentration at a fixed level, the reference
molecule concentration was increased continuously (from 0.1
g-L7 ! to1g-L™!). The experimental points obtained at fixed
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Figure 5. Comparison between the two modes of for-
mation.

Progressive increase of B-lactoglobulin concentration (con-
tinuous) (M): Jp; #: TrB'2; constant B-lactoglobulin con-
centration (discontinuous) (0): Jp; O: TrB12).

protein concentration were analyzed using the film, TIP, and
pore approach in order to distinguish the part of the concen-
tration polarization and that of the dynamic layer, and to
characterize the fouled membrane. Figure 6 recapitulates the
calculation method. The measured data (concentration of -
lactoglobulin and B12, and Jp) are first used to calculate the
concentration at the wall, C# and CB'?, Both values are in-
troduced into the estimation of Lp (Eq. 4). Then it becomes
possible to estimate rp and Ak/Ax using the calculation loop
called “determination of 7p” in Figure 6. In the first step, rp
is initialized. This value is then used to calculate Ak/Ax (Eq.
18), P (Eq. 17), and o (Eq. 16). These last two coefficients
are introduced to estimate 7rB2¢ (Egs. 6 and 7). Then,
TrBi2eale js compared with the value obtained directly with
the film theory (7rB'21™) for each B12 concentration, by
means of the sum of the square of the difference between the
two TrB'2. The loop uses the EXCEL solver to calculate the
rp that corresponds to a minimum of this sum.

Table 4. Calculated Characteristics of the Dynamic
Membrane (discontinuous mode)

Protein

Conc. P 177 Ak/Ax Lp

gL o (m-s~Y  (nm) (m~1Y) (m-Pa~l-s71)
1.03 047 445x107° 184 1.54x10° 6.51x10~ !
1.74 0.55 341x107° 1.65 1.71x10° 583x10~ "
4.71 0.68 1.99x107° 139 211x10° 512x10~"
796 072 139x107° 131 2.08x10° 4.44x10~ "

The calculated o, P, Lp, rp are reported in Table 4, and
plotted as a function of the protein concentration on Figure
7. This figure shows that when C# stands between 1 and 10
g-L™% rp and Lp are well correlated by a logarithmic law,
indicating that the more concentrated the protein solution,
the more retentive the dynamic membrane. Besides, an in-
crease in concentration also leads to a smaller permeate flux.
Since the permeate flux can be expressed as a combination of
the osmotic-pressure contribution and the active-layer per-
meability (Eq. 8), we observe that both are responsible for
the smaller flux. On the one hand, the concentration polar-
ization leads to higher C,, when C, increases; the osmotic
pressure is then more important. On the other hand, Lp is
lower at high protein concentration, indicating a more re-
sistant layer. It is, however, worth noting that the osmotic
pressure is very low as compared to the Lp contribution.

Another set of experiments was performed to account for a
dynamic way of forming the layer. In these experiments, the
B-lactoglobulin concentration is first increased from 1 g-L™!
to a fixed level, and then kept constant while the B12 concen-
tration is increased. The characteristics o, P, Lp, rp are esti-
mated from this set of data. These values are reported in
Table 5. One can observe that the difference between the
values of rp obtained by the two modes (previously reported
in Table 4) is nearly constant (around to 0.2 nm). Adding to
the pore radius, this constant represents the role of the dy-
namic formation. Figure 8 shows the recalculated values for
Jp and TrB? and the experimental ones.

Measured ——CoB12
dat
o CpBI2

rsB12
Operatmg> ke
conditions
CmB12

rsh Determination of Lp
Oper atm> kp-lacto
conditions Tp
Measured <COB12 Cmb
dat
o CpBI2 \
Arn — Lp —

Determination of rp

P —s A — f(A), g(}\.) Sk, Sp

AkJ/ P\l/ GBIZ
Ax —>

Trr ] 2cale

——————t—> TrrBI2fm Z%TrrBlZ“k-
TrrB12f™)2 minimal

Figure 6. Calculation method for each test at constant pg-lactoglobulin concentration and variable B12

concentration.
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Figure 7. Influence of $-lactoglobulin concentration on
the calculated characteristics of the dynamic
membrane (noncontinuous formation).

Filtration of B-Lactoglobulin and Salts

All the previous correlations refer to the filtration of a sin-
gle-protein solution. Before considering the filtration of a
complex mixture, it is worth including in the model the possi-
ble effect of the variation of ionic strength.

The influence of ionic strength on the hydraulic permeabil-
ity and on the sieving characteristics of a protein deposit is
quite complex and has been discussed elsewhere. As ex-
plained by Opong and Zydney (1991), the solvent properties
can affect the behavior of the dynamic layer by either shield-
ing the electrostatic repulsion between adjacent proteins
within the deposit, modifying the electroosmotic counterflow,
or altering protein conformation. Palecek et al. (1993) ob-
served that the steady-state flow through a protein deposit
decreases monotonically with increasing salt concentration.
This was proved for five different types of proteins. This trend
was explained by assuming a closer packing of the proteins
within the deposit due to the increased electrostatic shielding
by solutions with a higher salt concentration. Bullon et al.
(2000) found the opposite behavior with a stabilized dynamic
gelatin layer: in the presence of NaCl, the permeate flux is
linearly increasing with the decimal logarithm of the salt con-
centration. For their part, Rogissart et al. (1991) did not ob-
serve any variation in the hydraulic resistance when changing
the ionic strength of their filtered solutions (ovalbumine). All
these results really emphasized the difficulties encountered
in predicting the influence of ionic strength variation on the
permeate flux and on the transmission rate of reference so-
lutes. Indeed, the type of the protein has a crucial influence
and comes to be added to the pH variation effect. For exam-

Table 5. Calculated Characteristics of the Dynamic
Membrane (continuous mode)

Protein

Conc. P 172 Ak/Ax Lp
gL o (m-s™) (@m) @MmYH (m-Pals7h
1.03 047 445x107° 1.84 1.56x10° 6.51x10~ "
1.66 047 3.62x107° 1.83 1.26%x10° 531x10~"!
4.21 0.68 2.81x107° 1.59 1.63x10° 5.14x10~!
7.42 0.63 237x107% 148 1.84x10° 507x10~"
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Figure 8. Calculated and experimental evolution of
Tr212 and Jp as a function of g-lactoglobulin
concentration, for B-lactoglobulin alone.

Progressive increase of B-lactoglobulin concentration (con-
; T - TyB12). :

tinuous) (M): Jp; : Try'%); continuous mode, tests used for
the calculation (+ : Jp; X : TrB12),

ple, solubility reaches a minimum near the protein isoelectric
point.

To reveal the possible effect of NaCl on the B-lactoglobu-
lin deposit, a set of experiments has been realized by increas-
ing the ionic strength from 0 to 1 M. As seen from Figure 9,
the characteristics of the pB-lactoglobulin deposit are not
clearly linked to the ionic strength. When the ionic strength
goes up, the permeate flux and the transmission rate of vita-
min B12 do not change significantly. The same conclusions
flow from observation of the Jp and 7r2!? variation vs. pro-
tein concentration at 0 and 1 M, respectively (Figure 10). This
lack of dependence of Jp and 7212 on the ionic strength
cannot be predicted, as it probably depends on the pH value
and on the type of electrolyte. In this work, only experiments
with NaCl salt at neutral pH have been done. In so far as pH
was kept constant in our experiments, and as yeast extract

100 100%
80 | L 80%
- o L
"= 60 - % ¢ 60%
o T =
£ J: [ °w
H N
:. 40 7 - - 40%
|
20 4 L 20%
0 : 0%
0,01 0,1 1

lonic strength M

Figure 9. Evolution of Jp (m) and Tr2'2 (¢) as a func-
tion of ionic strength.
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Figure 10. Evolution of Jp and TrE'2 as a function of
B-lactoglobulin concentration, at 0 M (m: Jp;
& Tr82) and 1 M of NaCl (0): Jp; O: TrB12).

(also added to the solutions) contains mainly monovalent salts,
this test (NaCl at neutral pH) was considered as sufficient in
the frame of this study. For more information, it is worth
recalling that the role of the physicochemical environment,
especially of the type of electrolyte used, and the adsorption
of calcium or phosphate salts on B-lactoglobulin have been
discussed elsewhere (Lucas et al., 1998).

Filtration of B-Lactoglobulin in a Complex Mixture

Yeast extract is a complex mixture containing mainly salts,
amino acids, and peptides. As we already said in the Intro-
duction, the complexity prevents any direct calculation of the
filtration performance. To extend results obtained with g-
lactoglobulin alone, the filtration of a mixture of B-lacto-
globulin, YE, and vitamin B12 has been investigated. Each
filtration was realized with a constant or an evolutive ratio
between YE and B-lactoglobulin concentrations.

Figure 11 allows us to compare the results obtained during
the filtration of solutions containing, on the one hand, 1 g-
L' of YE, and on the other hand, no YE. Both Jp and
TrB12 are nearly the same for the two solutions. Yeast extract
does not appear to have any influence on the performance.
More data are compiled in Figure 12, which plots 7r21? and
Jp when the mixture is filtered at different concentration ra-
tios. No clear influence of the YE concentration on 7rB!?
emerges. At the other hand, it must be noted that the curves
obtained at different B-lactoglobulin concentrations are dis-
tinct. Regarding flux evolution, an increasing concentration
of YE seems to induce lower flux, especially at low B-lacto-
globulin concentration.

From all these facts, we can draw the following conclu-
sions:

e Tr812: As no clear effect of YE appear, it can be as-
sumed that the selectivity of the dynamic layer is due to S-
lactoglobulin only, and that the dynamic layer is composed
mainly of the protein totally rejected by the membrane.

e Jp: As for dynamic layer resistance, the role of B-
lactoglobulin seems to be dominant. Since no modification of
TrB12 is observed as a function of YE concentration varia-
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Figure 11. Evolution of Jp and TrE'2 as a function of
B-lactoglobulin concentration with 0 (O: Jp;
O:TrB'2) and 1 g-L" of YE (m: Jp; ¢:Tr512),

tion, the small influence of YE on flux can be attributed to
the polarization contribution.

Under these elementary assumptions (valuable in the con-
centration range tested here, from 1 to 10 g-L™'), the per-
meate flux and the transmission rate of vitatmin B12 for com-
plex mixtures have been simulated using the procedure de-
scribed on Figure 13 and explained below, assuming no inter-
actions between the solutes in the mixture.

In the first step of the calculation, the correlations on rp
and Lp established with B-lactoglobulin alone are reused to
estimate the phenomenological parameters of vitamin B12 as
a function of the protein concentration. Then, the YE is
added through the osmotic-pressure contribution to estimate
the permeate flux. This last determination results from a
combination of the TIP equation for flux (Eq. 4) and the film
model for the completely rejected protein (Eq. 2). Using this
flux and the phenomenological parameters, it becomes possi-

100%
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#{ - 80%
80 E I
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o055 3 SR
£ ¢ - o
2 L ) L 40% ©
240
I o t[ o L
20 L 20%
0 T T T T T T T T T 0%
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YE concentration g.L™

Figure 12. Jp and TrB'2 obtained with different initial
concentrations of YE and p-lactoglobulin.

B-lactoglobulin between 0.8 and 1.5 g-L~! (m: Jp; &:
Tr2'?) and around 10 g-L~' (O: Jp; O: TrB12).
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Figure 13. Calculation method to estimate Tr2'? at dif-
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Figure 14. Simulated evolution of Jp as a function of
B-lactoglobulin concentration (B12 concen-
tration: 0.1 g-L").

ble to reach the intrinsic transmission rate of vitamin B12. At
least, the film model applied to vitamin B12 gives the ob-
served transmission rate. Simulation results are presented in
Figure 14 for various protein and YE concentrations. As ex-
pected, we observe that increasing the protein or YE concen-
tration leads to a lower permeate flux. The little influence of

80%

70% -
|
o 60% -
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=
50% -
40% A
30% T T T T T T T T T
0 2 4 6 8 10

p-lactoglobulin concentration gL

Figure 15. Simulated evolution of Tr2'2 as a function of
B-lactoglobulin concentration (B12 concen-
tration: 0.1 g-L").

YE concentration on the transmission rate of B12 is due to
the permeate flux modifications (Figure 15).

To validate these calculations, Figure 16 compares calcu-
lated and experimental data for mixtures. Good agreement is
found, indicating that in spite of the evident lack of knowl-
edge of the complex mixture, the simple assumptions used
are sufficient to get a correct estimation of performance.

Conclusions

This works shows that:

1. The filtration of a large retained protein ( B-lactoglobu-
lin) on a mineral membrane (Carbosep M2) leads to the for-
mation of a dynamic membrane. The role of the protein con-
centration and of the way this dynamic membrane is formed
(continuously or not) is demonstrated. In contrast, the ionic
strength (due to NaCl) does not have a significant influence
at neutral pH, either on the flux or transmission rate of vita-
min B12, the reference molecule.

2. A model of the thermodynamics of irreversible pro-
cesses and pore theory have been successfully applied to this
system. The characteristics 7p and Lp of the dynamic mem-
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- 4 H 40 :___Jp L.m™.hr -
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= . 30
5 0% 20 ] i
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Figure 16. Comparison between experimental and calculated Jp and Tr2'2 obtained with mixture (same experimen-

tal points as those reported on Figure 12).
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brane are correlated with protein concentration through log-
arithmic laws.

3. When a complex mixture containing yeast extract (YE)
and B-lactoglobulin is filtered on the same membrane, the
role of the dynamic layer formed by the protein is confirmed.
The YE concentration has little effect on the selectivity and
on the resistance of the dynamic membrane compared with
the influence of the protein concentration.

4. These major assumptions associated with the phe-
nomenological approach lead to a good estimation of results
in the case of mixture (flux and transmission rate of vitamin
B12). The interest of the new way proposed for simulation,
likely extended to complex media, is demonstrated in the case
of a solution containing YE, B-lactoglobulin, and vitamin B12;
it is possible to recalculate the flux and transmission rate of
vitamin B12, a size-calibrated solute present in the mixture.
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