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ABSTRACT

In the electrophoretic membrane contactor (EMC), a porous membrane is used to establish a contact
across two flowing liquids between which an electrically driven mass transfer takes places. In this work,
a methodology is proposed to select the best operating conditions to separate biomolecules in an EMC.
Single-solution experiments were coupled with a theoretical approach to predict the influence of the
process parameters (pH, membrane MWCO) on the separation factor.This methodology was applied to
the separation of whey proteins, a-lactalbumin and (3-lactoglobulin, which are known to be difficult to
separate. Experiments were first carried out with single synthetic protein solutions at different pH val-
ues (4.8, 6 and 8) using cellulose acetate membranes of either 30 or 100 kDa molecular weight cut-off.
The experimental work was associated with a theoretical approach to study the mass transfer mecha-
nisms. The parameters used in the model were calculated from the experimental variations of the solute
and solvent transfer. The dependence of these parameters on the operating conditions gives the extent
of electrostatic repulsion and provides information on the steric effect with respect to separation per-
formance.The model was then used to calculate the separation factor for various operating conditions
in order to determine the best ones (pH and membrane) for fractionation. Using the results, fractions
enriched in a-lactalbumin and in 3-lactoglobulin were obtained at pH 4.8 with the 100 kDa membrane.

1. Introduction

In an electrophoretic membrane contactor (EMC), a porous
membrane establishes a contact across two flowing liquids
between which mass transfer takes place. The driving force is an
electrical field applied perpendicular to the fluid flow. Species are
separated on the basis of the difference between their mass flow
rates, which can be due to different electrophoretic mobilities, siev-
ing effects or both, depending on the properties of the membrane
and the solute. The technique is thus expected to combine the
selectivity of membrane filtration and of electrophoresis making
it an interesting alternative for the separation of charged biological
molecules as it should achieve greater selectivity than conventional
membrane filtration while remaining less costly than chromatog-
raphy [1,2].

Many applications of such systems for the fractionation of
proteins or their peptides have been published within the last
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fifteen years [3,4]. For instance, one apparatus developed by Mar-
golis [5], the Gradiflow, has been used for the extraction of
proteins from plasma [6,7], from egg white [8] and from whey
[9]. Investigations were also carried out in a three-compartment
system [10] to fractionate a mixture of bovine serum albumin
and bovine haemoglobin. Galier et al. [11,12] investigated the
EMC to separate biomolecules of different sizes and charges such
as poly(L-glutamic) acid, a-lactalbumin or bovine haemoglobin.
These studies mainly focused on the mass transfer mechanisms
involved in EMC. For instance, electrostatic interactions were found
to strongly modify separation performance. More recently, Poulin
et al. [13,14] evaluated the fractionation of the bio-active peptides
of a B3-lactoglobulin hydrolysate by using electrodialysis through
an ultrafiltration membrane. They investigated the effect of the pH
on the migration of basic and acid peptides as well as the influence
of the electric field.

However, few works have proposed a global mass transfer
approach for the separation of charged biomolecules in mixture.

In this context, the aim of the present paper is to provide a more
systematic approach to determine the appropriate operating con-
ditions to separate biomolecules in an EMC. The approach used is
based on the knowledge of the mass transfer mechanisms to under-
stand the influence of pH and membrane MWCO as well as the role
of electrostatic interactions on the separation efficiency. EMC can
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Fig. 1. Schematic drawing of the EMC, separation and elution configurations for a
mixture A/B. Target solute: A.

be used in different separation modes and these are firstly discussed
and illustrated. Then, the technique is applied to the fractionation
of two whey proteins, a-lactalbumin (a-L) and [3-lactoglobulin (3-
L) which are difficult to separate because of their similar charge and
size.

2. Principle of EMC

The principle of EMC, described in previous papers [11,12], is
schematically depicted in Fig. 1 for both positively or negatively
charged proteins such as those concerned in this work. The separa-
tion is achieved through the difference in the mass flow rates of the
species. This can be due to their different electrophoretic mobili-
ties and/or sizes, with respect to the membrane, solution (pH) and
solute properties.

The voltage across the membrane is applied perpendicular to the
flow, and is the only driving force behind the migration through the
membrane of the charged components fed in at the inlet.

The compartments in which the outlet concentrations of the
target solute are respectively lower and higher than the inlet ones
will be further called “diluate” and “concentrate”.

As in electrodialysis, the process can be operated in two differ-
ent ways. Firstly the same solution, containing the species to be
separated, can be fed into both compartments. This set-up will be
further called the “separation configuration”. Secondly, the solution
can be fed into only one compartment, the other compartment, the
elution one, being fed with the buffer. This will be referred to the
“elution configuration”.

These two configurations can be used to achieve different objec-
tives, i.e. to favour quantitative or qualitative aspects. Indeed, as
far as production is concerned, the separation configuration will be
preferable for the separation of proteins that have opposite charges.
In contrast, for achieving higher purification, the elution configu-
ration will be preferred, especially for the separation of proteins
which have the same charge sign.

3. Theoretical approach

A model was proposed to provide expressions of the solute
outlet concentrations as a function of the operating parameters
and solute characteristics [11]. In this model, the two phenom-
ena resulting from the voltage, i.e. the electrophoretic migration of
the solutes and the electro-osmotic flow of the solution through
the membrane, are considered. The following expression of the
solute concentration at the outlet of the diluate is derived from
the mass balance written for the steady state in the solution and in

the membrane, using the Nernst-Planck equation.

(1)

ueoETi| [& ((Upi/tieo)—1) + 1]
d

In this expression, Cy is the feed solute concentration; Cy is
the outlet concentration in the diluate. u,,; and ue, are the elec-
trophoretic and electro-osmotic mobilities. These values are both
positive for a solute and a membrane carrying the same charge sign
(i.e. the electro-migration solute flux and the electro-osmotic sol-
vent flux occur in opposite directions). Inversely, u; and ue, are
positive and negative respectively as the solute and solvent flux
occur in the same direction. The electro-osmotic mobility depends
on the membrane characteristics (electrical charge, pore size) as
well as on those of the electrolyte like pH, ionic strength or ionic
composition.

T is the mean residence time inside the chamber, that is fixed
by the flow rate, and d is the compartment thickness.

¢ is a partition coefficient used to link the solute concentra-
tions inside and outside the membrane. A value of ¢ close to unity
means that the membrane/solute interactions are negligible, i.e.
that the membrane acts as a “true” contactor. On the other hand,
decreasing values of ¢ reveal stronger interactions, the limiting case
¢ =0 meaning that the solute is excluded from the membrane. This
parameter includes the importance of electrostatic repulsions as
well as steric or any other effects.

The outlet solute concentration in the concentrate, Cc, is
obtained from the total solute mass balance. As long as the inlet
concentrations are identical (separation mode) and equal to Cy, this
mass balance is:

Ce =2Cy — G4 (2)

Cd:c0[1—

The influence of the membrane on the solute mass transfer is
characterised by the value of the partition coefficient ¢. This value is
determined by fitting the experimental variations of the solute con-
centration versus E.t with the ones calculated by Eq. (1). The electric
field E, the feed solute concentration Cy and the mean residence
time 7 are operating parameters. The electro-osmotic mobility ue,
is experimentally determined using Eq. (6) (see below).

In order to estimate the separation efficiency, one can also use
another parameter, the separation factor, which is expressed by the
target solute (A) concentration factor divided by the concentration
factor of the other solute (B):

G/,
(Ce/CO)y

where C? and C. are the feed and outlet concentrations in the con-
centrate, respectively. The separation factor is calculated from the
solute concentrations in the compartment enriched with the tar-
get solute. A value higher than unity means that separation can be
achieved whereas a value equal to unity reveals no selectivity.

(3)

4. Separation in EMC
4.1. General approach

EMC selectivity comes from the difference between the mass
transfer flow rates of the species through the membrane and can
have different origins depending on the characteristics of the solute
and of the membrane. It can be due to a difference between elec-
trophoretic mobilities (charge-based mode), to a size exclusion
effect, due to the respective sizes of the membrane pores and of
the solutes (size-based mode) or to a combination of both (charge
and size-based mode).

Consequently, different situations are possible depending on the
choice of the buffering pH, which determines the electrophoretic
mobilities of the proteins, and the membrane MWCO (Table 1). Two



Table 1
EMC separation.

Umi A X Unmi B Size and charge Separation Membrane MWCO
[Transferred species| and pH
Umia X Umip <0 Opposite sign
Case 1 Charge based-mode
MWCO > MWy
and MWpg
Umia X Upig >0 Same sign
Case 2 Charge and size
MW, < MW5 and based-mode MWCO > MW
Umi A > Umi B MWCO ~ MW5p
pH = plg
Case 3 Size based-mode
MW, < MW5 and
Case 4 Charge based-mode

Umi A < Umi B

MWCO > MWy
and MW5 pH = pla

distinct situations are considered for the protein charge: opposite
sign (Umia X Umig <0) and same sign of charge (umia x Umig>0).
In the following discussion, protein A is the one with the lower
molecular weight.

4.2. Influence of pH and membrane MWCO

The difference between the rate of transfer of each species can
be improved by choosing appropriate pH and membrane MWCO
(see Table 1).

The influence of the membrane MWCO can be ascribed to the
variation of the partition coefficient, ¢. As discussed above, this
parameter includes the effect of electrostatic repulsions as well as
steric effects. Its value decreases for lower membrane MWCO by
increasing the steric effect. The role of the electrostatic interactions
will be discussed below. On the other hand, the electrophoretic
mobility depends on the pH and tends towards zero for a pH
approaching the protein pl.

For proteins with opposite charges (umja x Upig <0, case 1,
charge based mode), the mass transfer of both proteins must be
as high as possible to maximize the separation efficiency. Conse-
quently, the membrane MWCO must be higher than the protein
molecular weight to avoid any steric effects (¢ = 1). Here, the mem-
brane acts as a “true contactor”. On the other hand, for proteins
with the same charge sign (Up;a x Ui >0), the mass transfer of
one protein must be lower than the mass transfer of the other.

In charge and size-based mode (case 2) and size-based mode
(case 3), the protein which has the smallest size (A) is transferred
whereas the other (B) must be retained by the membrane. The
transfer of the larger protein can be limited by using a membrane
MWCO close to its molecular weight as well as by selecting a pH
close to its pl. Inversely, in the charge-based mode (case 4), the
larger protein (B), is transferred whereas the smaller one (A) must
be prevented from crossing the membrane. This condition can be
reached by using a membrane MWCO high enough to minimize
steric effects, but also choosing a pH close to the pl of protein A.

4.3. Influence of electrostatic interactions

It has been demonstrated that mass transfer can be affected by
electrostatic interactions taking place at the membrane interface
[12]. The effect of the electrostatic interactions on the separation
efficiency is evaluated from the calculation of the separation factor
SF for different conditions by combining Eqs. (1)-(3). Its value is
fixed by the electrophoretic mobility, u,,;, and the partition coef-
ficient, ¢, for each protein, and the electro-osmotic mobility, i,
which characterises the membrane charge. The numerical values

for these parameters (Ueo, U, @) are typical for protein separation
in EMC [11,12].

In case 1 (Upmja X Upyip <0, charge-based mode), one protein has
the same charge sign as the membrane. It might thus be retained
by electrostatic repulsion. The influence of increasing interactions,
represented by decreasing values for the partition coefficient, is
illustrated in Fig. 2. As expected, decreasing separation factors are
obtained for decreasing partition coefficients.

In the charge and size-based mode (case 2) and size-based mode
(case 3), the mass transfer of the smaller protein (A) must be as high
as possible. Consequently, electrostatic repulsion must be negligi-
ble. This is the case for a membrane and a protein having different
signs of charge. However, the membrane charge is often fixed by
the protein [11,15,16]. Electrostatic repulsion can be high and con-
sequently mass transfer of the smaller protein can decrease. Fig. 3
shows the variation of the separation factor SF versus E-t for dif-
ferent partition coefficients of the smaller protein (A) to illustrate
the effect of electrostatic interactions on the separation efficiency.
Then, as expected, the increase in electrostatic interactions, i.e.
decreasing partition coefficients for protein A, reveals lower val-
ues for the separation factor. It can also be observed that in some
conditions, the enhancement of electrostatic repulsion is such that
selectivity is reduced to zero (SF=1).

In the charge-based mode (case 4), the mass transfer of the larger
protein (B), which also has the higher electrophoretic mobility,
must be as high as possible. Here again, an increase in the elec-
trostatic repulsion also decreases the separation efficiency.
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Fig. 2. Variation of the calculated separation factor versus the product of the
electric field by the residence time (E-7): influence of electrostatic interactions.
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Ueo =2 x 1072V m?2s~!; membrane and protein B: same sign of charge; separation
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5. Materials and methods
5.1. Buffer and samples

All chemicals used were of analytical grade. a-Lactalbumin
(type III from bovine milk), B-lactoglobulin (from bovine milk)
and 2-(N-morpholino ethane sulfonic acid (MES) were purchased
from Sigma-Aldrich. Tris(hydroxymethyl)amminomethane (Tris),
[3-alanine, and acetic acid were from Merck and Histidine from
Fluka.

Separation and electrode buffers were Tris-Mes at pH 8.0; Mes-
histidine at pH 6.0 and [3-alanine-acetic acid at pH 4.8.

The electrical conductivities were 140uScm~! and
220 uScm~! for the separation and electrode buffers respec-
tively. The solutions were prepared by dissolving the appropriate
amounts of a-lactalbumin and B-lactoglobulin (a-L and 3-L) in
the separation buffer. The inlet concentrations were set at 0.1 and
0.2g.L! for a-L and B-L, respectively. This concentration ratio
([B-L]/[e-L] =2) is close to that commonly found in whey (between
2and 4) [17].

5.2. EMC apparatus and set-up

The experimental set-up has been described in detail in a for-
mer paper [11]. The prototype cell used in this work was 17.5cm
long and 2 cm wide, so the membrane active area was 35 cm?. The
thickness of the electrode, diluate and concentrate compartments
were 1.0, 0.1 and 0.1 cm, respectively.

Two cellulose acetate membranes (CO30F, 30 kDa and C100F,
100 kDa) from Nadir Filtration GmbH (Germany) kindly supplied
by Alting (France) were used as the porous membrane. Cellulose
acetate was selected because it adsorbs proteins less than other
materials such as polyamide or polysulfone.

A cation exchange membrane and an anion exchange membrane
were used at the anode and cathode side respectively: Neosepta
CMX and AMX (Tokuyama corporation, Japan).

The experiments were carried out in continuous mode. The two
separation compartments were continuously supplied by two dis-
tinct feed tanks using peristaltic pumps placed at the outlet of the
cell. The outlet flow rates were set at constant and equal values.
The electrode buffer was circulated in a closed loop from a single
tank to the electrode compartments using a gear pump.

The main experimental data, inlet and outlet flow rates, conduc-
tivities and pH, current, voltage and temperatures were recorded
every 10 min.

5.3. Experimental procedure and operating conditions

All experiments were carried out at ambient temperature
(22+£3°Q).

The outlet flow rate in the separation chamber and in the
electrode compartment was fixed at 100mLh~! (r=230s) and
5.0Lh~1, respectively.

The experiments were carried out at a constant current, ranging
from 10 to 60 mA (i.e. from 3 to 20Am~2).

The average electric field strength E in the separation chamber
was calculated from the following equation:

I

E= Xavg S ()
where Iis the current, S the membrane area and yqvg the mean elec-
trical conductivity, calculated from the conductivities at the inlet
and outlet. For the operating conditions used, the average electric
field was between 170 and 800V m~1.

Since the outlet flow rates were fixed and equal, the electro-
osmotic flux Je, was obtained from the measurement of the inlet
flow rates in each compartment by the following relationship [11]:

| inlet _ inletl )
]eo = % = Q% (5)

Then, the electro-osmotic mobility ue, was deduced from the
electro-osmotic flux and of the electric field:

Jeo = UeoE (6)

The experimental variations of the solute concentration versus
time (results not shown) show that the steady state was reached
after 30-40 min [11]. Therefore, the electro-osmotic flow rate as
well as the solute concentration at the outlet of each compartment
was measured after 40-60 min. [t was also observed that for any set
of operating conditions, the temperature increase and pH variation
in the concentrate and diluate compartments did not exceed 5°C,
0.4 and 0.1 pH units, respectively.

5.4. Analytical methods

For single solutions, the concentrations of a-L and [3-L were
measured by ultraviolet spectroscopy at 280 nm.

For binary solutions, protein concentrations were evaluated
by reversed-phase HPLC. The separation was carried out with a
PLRP-S column (gel of divinylbenzene polystyrene, 300A, 8 um,
150 mn x 4.6 mn, Polymer Laboratories). The experimental condi-
tions were adapted from the method developed by Resmini et al.
[18].The eluents used were: a milli Q water with 0.1% trifluoroacetic
acid (TFA); and B milli Q water-acetonitrile (20:80, v/v) with 0.1%
TFA. The flow rate was fixed at 1 mLmin~! and the gradient was (%
of B): 0-1 min: 46; 1-5 min: 46-53; 5-8 min: 53-58; 8-10 min: 58;
10-13 min: 58-46; 13-16 min: 46. The injection volume was 20 L
and detection was carried out at 210 nm.

5.5. Electrophoretic mobility

The electrophoretic mobilities of a-L and (3-L at pH 8 and 6
were estimated from the Henry equation which expresses the
electrophoretic mobility as a function of the protein charge and
size [19,20]. The estimated value of the electrophoretic mobility
of a-L at pH 8 obtained according to this procedure was close
to the values measured by capillary electrophoresis in the same
buffer (—1.85 x 108 m? V-1 s-1) [11]. These values were also con-
firmed in the present study by experimental determination with a
Zetasizer (Malvern) where a value of —1.6 x 1078 m2V-1s-1 was
determined at pH 8 in the same buffer (pH and conductivity). The



Table 2

Characteristics of the proteins: molecular weight (My ), radius (r), calculated charge (z), calculated and experimental isoelectric point pl.

a-Lactalbumin

B-Lactoglobulin

18.3 mono (pH > 8) 36.6 dim (pH<8)
2.0 (mono) 2.6 (dimer)

—10.5" (monomer)

—15b" (dimer)

4.4

5.1-54

—-29x10°8

—-29x10°8

05x10°8

My (kDa) 14.2

r(nm) 1.9

z(pH 8) -5?

z(pH 6) -3.32
plcal® 4.8

pl exp® 42-48

Upi (PH 8) (m2V-1s-1)d -16x10-8
Ui (PH 6) (m2V-1s-1)d -1.0x 1078
Upi (PH 4.8) (m2V-1s1)e 0.1x10°8
a[21].

b Estimated from the procedure described in [20].

¢ [17].

d Value calculated from the protein charge.
¢ Measured (Zetasizer).
" Average value between isoform A and B of 3-L.

error in electrophoretic mobility measurement was estimated to
be £0.1 x 1078 m2Vv-1s-1,

The estimation of the electrophoretic mobility by the procedure
described above seems to be appropriate when the pH is differ-
ent from the protein isoelectric point (pl) but less so when the
pH is close to the pl. At pH 4.8, the electrophoretic mobility of
a-L is positive and close to zero. This is in accordance with both
calculated and experimental isoelectric points. However, the (3-L
charge would be respectively positive or negative according to the
calculated and experimental isoelectric points. EMC experiments
as well as the experimental determination of the electrophoretic
mobility with a Zetasizer confirm that (-L is positively charged
(UpmipL=+0.5x 108 m2 V-1 s-1),

The compiled values of the electrophoretic mobilities given in
Table 2 were used in the mathematical model (see Eq. (1)).

6. Results and discussion
6.1. EMC separation: application to the mixture a-L/B-L

Table 2 provides the main characteristics of the proteins, i.e.
their molecular weights, radii, charges, isoelectric points (pI) and
electrophoretic mobilities.

These two proteins often have the same charge
(Umig-L X Upig-L > 0) due to their close pl. Moreover, the elec-
trophoretic mobility of «-L is always lower than that of B-L
because of its lower charge. Then, as discussed above (see Section
4.1), separation was achieved in the size-based mode (case 3) or in
the charge-based mode (case 4). In this situation, a-L is protein A
(lower size and charge) while 3-L represents protein B (higher size
and charge).

In the size-based mode, o-L must be transferred and 3-L retained
by the membrane by steric effects and/or electrostatic repulsion.
Thus a membrane with a MWCO of 30 kDa, close to the 3-L molec-
ular weight, was selected to favour steric effects. Moreover, the
retention of 3-L by steric effects could be increased by changing
the pH. Actually, at ambient temperature, [3-L occurs as a dimer

over the pH range 3-7 [22-24]. Therefore, two different pH values
were used in this study, pH 8 (monomer form) and pH 6 (dimer
form), to highlight the influence of the size effect on separation.

In the charge-based mode, 3-L must be preferentially transferred
through the membrane whereas the mass transfer of a-L must be
minimum. A membrane with a MWCO of 100 kDa was thus chosen
to limit the retention of 3-L by steric effect. Two different pH values
were selected according to the pl to highlight its influence on the
separation efficiency, i.e. one value far from the pI (pH 8) and the
other close to «-L pI (pH 4.8).

6.2. Experimental study

The two different approaches for a-L and 3-L fractionation and
the corresponding pH and membrane MWCO used are summarized
in Table 3.

Experiments were first carried out with single protein solutions
and different pH values (4.8, 6 and 8) with the two membranes
to investigate solvent and protein mass transfer and to estimate
separation. The experimental value of the electro-osmotic flux
was first used to calculate the electro-osmotic mobility. Then, the
partition coefficient ¢ was obtained by fitting the experimental
variations of the concentrations versus E-t with the calculated ones

(Eq. (1))

6.2.1. Electro-osmotic flux

For all the operating conditions used in this study, the electro-
osmotic flux was always directed from the anode to the cathode.
Consequently, the membrane charge was negative whatever the
sign of the protein charge in the buffer solution.

The experimental variations of the electro-osmotic flux were
plotted versus the electric field at pH 6 for different solutions
(Fig. 4). All operating conditions (pH and membrane MWCO)
showed similar trends. The linearity indicates a constant value
for the electro-osmotic mobility (see Eq. (6)) and thus of the
membrane charge. The electro-osmotic mobilities (Table 4), were
obtained from the slope of the curves J,, =f(E). The error in

Table 3
Separation modes for a-L/B3-L fractionation: pH and membrane MWCO conditions.
Separation mode Separation parameter pH Membrane MWCO
Size-based mode MW, /MW =13 8-6 30 kDa
(case 3) MW, /MWg. =2.6
Charge-based mode  uy; g.1/tti g = 1.8 8-4.8 100 kDa

(case 4)

Ui o-L/Umi B-L = 5
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Fig. 4. Variation of the electro-osmotic flux versus the electric field. Operating con-
ditions: buffer: Mes-histidine at pH 6, Q=100 mLh~!, membrane MWCO 30 kDa.

electro-osmotic mobility determination was estimated to be
+02x102m2Vv-1s1,

At pH 8 and 6, the electro-osmotic mobility/membrane charge
increases in the presence of negatively charged proteins. This has
already been discussed in previous papers [11,12]. It is linked to
the membrane zeta potential rise when the membrane is put into
contact with a solution containing a charged solute [15,16]. The
addition of a-L has no measurable influence on the electro-osmotic
mobility at pH 8 with the 100 kDa membrane and at pH 6 with
the 30kDa membrane. On the contrary, as far as 3-L is present
in the buffer, increased values of the electro-osmotic mobility are
obtained. These results are in accordance with a previous study,
showing a good qualitative correlation between the influence of
solute on electro-osmotic flux and the solute charge, which can
be linked to its electrophoretic mobility [11]. It seems that the
charge of a-L, while different from zero, is not sufficient to change
the electro-osmotic mobility, i.e. the membrane charge. On the
contrary, an increase is obtained with 3-L, which has the highest
electrophoretic mobility (see Table 2).

The results obtained at pH 8 with the 30kDa membrane are
slightly different. Indeed, the presence of «-L or 3-L increases the
electro-osmotic mobility in the same manner. These results can
be explained by the lower membrane charge (i.e. electro-osmotic
mobility in the buffer). Consequently, the charge of a-L is sufficient
to change the electro-osmotic mobility in these conditions.

At pH 4.8, the electro-osmotic mobility was weakly affected by
the presence of the proteins which had a low positive charge.

6.2.2. Single-protein mass transfer

The influence of the membrane on the mass transfer of protein
is characterised by the value of the partition coefficient ¢. It was
determined by fitting the experimental variations of the solute con-
centration versus E-t with those calculated by Eq. (1). The values are
reported in Table 5. Typical variations of the corresponding exper-
imental and calculated concentrations are plotted in Figs. 5 and 6.
Similar curves were obtained for any operating condition (pH and
membrane MWCO).

Table 4

Absolute values of the mean electro-osmotic mobility e, (m?V-"s71)x 10° for
different operating conditions and solutions (buffers, buffered single and binary
solutions).

Operating conditions Buffer a-L B-L Mixture a-L/B-L
pH 8 30kDa 0.8 1.8 1.8 -

pH 6 30kDa 2.8 2.8 3.4 -

pH 8 100kDa 14 14 2

pH 4.8 100 kDa 1 0.8 0.9 0.7

Table 5
Fitted values of the partition coefficient, ¢, for single protein solutions.

Operating conditions a-L B-L

pH 8 30kDa 0.6 0.3
pH 6 30kDa 0.4 0.07
pH 8 100 kDa 0.6 0.45
pH 4.8 100 kDa 1 0.9
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Fig. 5. Comparison between experimental (points) and calculated (curves) outlet
concentrations versus the product of the electric field by the residence time (E-7).
Operating conditions: single solution of a-L, Co=0.1gL""; Tris-Mes buffer at pH 8;
membrane MWCO 30 kDa; separation configuration.

At pH 4.8 with the 100kDa membrane, both proteins were
almost freely transferred (¢ was close to one). In this case both
membrane and proteins are weakly and oppositely charged, and
the results show that the steric effects are negligible.

The partition coefficients of a-L and (3-L obtained at pH 8 with
the 100 kDa membrane were 0.6 and 0.45, respectively. At this pH,
both proteins and membrane were negatively charged. As stated,
the steric effects were negligible, so the low values of ¢ mean that
transfer a-L and (-L is mainly limited by electrostatic repulsion.
These results are in agreement with previous findings [11].

The 3-L partition coefficient is lower than that of a-L which indi-
cates stronger electrostatic repulsion between [3-L and membrane.
This is explained by higher 3-L and membrane charges. In fact, the
electrophoretic mobility of B-L is higher than that of a-L (Table 2)
and in addition, the electro-osmotic mobility obtained with single
[3-L solution was higher than that measured with a single solution
of a-L (Table 4).
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Fig. 6. Comparison between experimental (points) and calculated (curves) outlet
concentrations versus the product of the electric field by the residence time (E-1).
Operating conditions: single solution of B-L, Co=0.2 gL"; Tris-Mes buffer at pH 8;
membrane MWCO 30 kDa; separation configuration.
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Fig. 7. Estimated separation factor versus the product of the electric field by the
residence time (E-7). Operating conditions: mixture: a-L, Co=0.1gL"! and B-L,
Co=0.2gL"'; separation configuration.

The a-L and B-L partition coefficients obtained at pH 8 with the
30 kDa membrane were 0.6 and 0.3 respectively. The 30 kDa mem-
brane was selected to preferentially retain (3-L by size effect. The
a-L partition coefficient was the same as that obtained with the
100 kDa membrane. Therefore, the transfer of a-L is also governed
by electrostatic interactions while steric effects are still negligi-
ble. As expected, a lower value for the 3-L partition coefficient was
obtained at pH 8 compared to that obtained with the 100 kDa mem-
brane. This indicates that with the 30 kDa membrane the transfer
of B-L results from the joint effects of charge and size.

As previously mentioned, B-L forms a dimer at pH lower than 7.
Consequently one can expect a decrease of B-L transfer due to size
effects when changing the pH. This is confirmed by the lower value
of the B-L partition coefficient, ¢g_ =0.1, at pH 6.

The partition coefficient of a-L was also lower at pH 6 (¢, = 0.4)
than at pH 8 (¢4 =0.6). The «a-L transfer decrease indicates
stronger electrostatic repulsion due to the increase of the mem-
brane charge since transfer is mainly governed by electrostatic
interactions.

6.3. Separation of the protein mixture

Protein separation was evaluated by calculating the separation
factor SF, knowing the electrophoretic mobilities of the proteins,
the electro-osmotic mobility and the respective partition coeffi-
cients obtained from the single-solution experiments (Egs. (1)-(3)).
The value of the electro-osmotic mobility used for the estimation
was the value obtained with the protein which had the higher
charge since it has been shown that it fixes the membrane charge
in binary solutions [12].

Typical variations of the corresponding estimated separation
factors are plotted in Fig. 7.

From this figure, the separation factor is always lower than 1.1
with the 30kDa membrane (size-based mode, case 3) since a-L
transfer is limited by strong electrostatic repulsions while -L is
not totally retained because of combined electrostatic repulsion
and steric effects. Consequently, the separation of the two proteins
is impossible in this case.

A higher separation factor was obtained in the charge-based
mode (case 4) with the 100 kDa membrane. As expected, the sep-
aration factor increased at pH 4.8, which is close to the pl of the
smaller protein, in this case a-L.

Consequently, experimental separation was carried out at
pH 4.8 with the 100kDa membrane to confirm the prediction
from the single protein study. The experimental variation of the
concentrations versus E-t is reported in Fig. 8 (points). These exper-
imental concentrations are in agreement with the estimated values
(curves).
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Fig. 8. Comparison between experimental (points) and estimated (curves) out-
let concentrations versus the product of the electric field by the residence
time (E-7). Parameters obtained from single protein solutions: ¢a.1=1; ¢ =0.9;
Ueo=0.9 x 1072 m? V-! s~!. Operating conditions: mixture: a-L, Co=0.1gL~" and B-
L, Co=0.2gL"'; B-alanine-acetic acid buffer at pH 4.8; membrane MWCO 100 kDa;
separation configuration.

7. Conclusion

In this work, a global mass transfer approach for the separation
of charged biomolecules in EMC was proposed. The methodology
is based on the knowledge of the mass transfer mechanisms to
understand the influence of the pH, the membrane MWCO as well
as the role of the electrostatic interactions on the separation effi-
ciency.

The different separation modes in EMC were discussed and the
methodology was illustrated for the fractionation of two whey
proteins, a-lactalbumin (a-L) and 3-lactoglobulin (3-L) which are
difficult to separate because of their similar charge and size.

The experimental work carried out at pH 6 and 8 using the
30 kDa membrane associated with the theoretical approach clearly
pointed out the impossibility to fractionate these proteins accord-
ing to their size (size-based mode). Indeed, both proteins possess
a high charge which has the same sign as that of the membrane
and consequently a-L transfer is limited by strong electrostatic
repulsions while 3-L is not totally retained by either electrostatic
repulsion or steric effect.

The feasibility of using EMC to fractionate a-L and [3-L was also
evaluated in the charge-based mode. In this case, the experiments
were performed at pH 8 and 4.8 with a 100 kDa membrane to avoid
steric effects. At pH 8 the separation was not achievable because
mass transfer of both a-L and (3-L was mainly limited by electro-
static repulsion. The results obtained at pH 4.8 confirmed that steric
effects were negligible with the 100 kDa membrane and that elec-
trostatic interactions were weak. Consequently, a higher separation
efficiency was obtained in the charge-based mode with the 100 kDa
membrane at pH 4.8 which is close to the pl of one of the proteins,
«a-L in this case.

Moreover, this study highlights that changing the pH (charge-
based mode) is more efficient at improving separation than
adjusting the membrane MWCO (size-based mode) for proteins of
the same sign of charge. This is in agreement with the separation of
proteins having opposite charges. Indeed, the separation efficiency
is maximized by using a membrane MWCO higher than the protein
molecular weight to avoid steric effects, i.e. when the membrane
acts as a “true contactor”.

However, at this stage, the EMC performance was lower than
that obtained with other systems mainly because of the strong mass
transfer limitations due to electrostatic interactions. Further work
is thus still necessary to reduce the impact of these interactions to
improve the separation efficiency.
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