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Surfactant-aided size exclusion chromatography

D.A. Hornemana, M. Wolbersa, M. Zomerdijka, M. Ottensa,
J.T.F. Keurentjesb, L.A.M. van der Wielena,∗

a Department of Biotechnology, Delft University of Technology, Julianalaan 67, 2628 BC Delft, The Netherlands
b Process Development Group, Eindhoven University of Technology, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands

Available online 27 February 2004

Abstract

The flexibility and selectivity of size exclusion chromatography (SEC) for protein purification can be modified by adding non-ionic
micelle-forming surfactants to the mobile phase. The micelles exclude proteins from a liquid phase similar to the exclusion effect of the
polymer fibers of the size exclusion resin. This surfactant-aided size exclusion chromatography technology (SASEC) is demonstrated on the
separation of two model proteins; bovine serum albumin (BSA) and myoglobin (Myo). The effect of the added surfactants on the distribution
behavior of the proteins is predicted adequately by a size exclusion model presented in this paper.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Biopharmaceutical products such as biomolecules (hor-
monal peptides, proteins), and bioparticles (vaccines, viral
vectors) have to satisfy extreme purity demands. The purifi-
cation of molecules with a near-identical chemical compo-
sition such as multimers from monomeric products, usually
requires costly purification and substantial use of auxiliary
materials. In the case of multimer-monomer separation, size
exclusion column chromatography (SEC) is the method
commonly used. The selectivity depends on the extent of
exclusion of a certain species from uncharged gel particles.
Therefore, the key parameters are the porosity of the gel,
the degree of cross-linking and the ratio of the diameters of
the species to be separated and the diameter of the pores or
fibers in the gel.

Because too large species are fully excluded and too
small species can completely penetrate the gel particles,
this chromatographic column technique has a limited se-
lectivity and a restricted flexibility, because each specific
separation requires a specific gel. This is unfortunate, given
the relatively high prices of these gel materials. Another
limitation is that once a certain gel material is selected, the
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efficiency of separation can only be improved by reducing
the amount to be purified, decreasing the flow or increasing
the column length. This affects the volumetric productivity
or the product concentration in a negative manner.

Here, we propose an alternative method based on the
integration ofnon-selectivesize exclusion chromatography
(SEC) and aselectivemobile phase containing micelles of
a specific size. The way in which biomolecules and biopar-
ticles partition towards a phase containing “inert” micelles
of nonionic surfactants, depends on the same parameters
as in gel filtration chromatography: the volume fraction of
micelles and the diameter ratio of solute and micelles[1].
The larger component will be excluded to a higher extent
from the micellar mobile phase than the smaller component,
which will elute first. In theory, the gel matrix should act as a
practically non-selective “storage” phase for proteins but se-
lectively exclude micelles. Small species elute first, thereby
reversing the “normal” chromatographic behavior (Fig. 1).

The average micellar shape and size, and thus the se-
lectivity of the protein separation, can be tuned in situ by
varying the solution conditions, such as concentration and
type of surfactants, temperature as well as type and concen-
tration of added salts[2]. The possibility to vary the solution
conditions in situ adds another degree of freedom to normal
SEC. Further, this flexible selectivity makes this method
more suitable for gradient simulated moving bed (SMB)
chromatography which uses the gradient in selectivity to im-
prove the performance of the separation method. It has been
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Fig. 1. Schematic representation of selective exclusion of large (in this
case multimeric) species from the micellar liquid phase.

shown that gradient SMB can result in lower solvent con-
sumption and less dilution of the product[3]. The analysis
of SASEC in SMB technology is not included in this paper.

The separation described here, is based on the excluded
volume interactions between the micelles and the proteins
and should not be confused with micellar SEC where attrac-
tive interactions between the micelles and proteins are used
to increase the selectivity[4,5].

The aim of this study is to proof the principle of the
method described above, and show that micelles can indeed
influence the selectivity of size exclusion chromatography.
In this paper we will focus on the influence of the con-
centration of non-ionic surfactants on the distribution co-
efficient of proteins. Therefore, pulse experiments on fixed
bed gel-filtration are performed with the proteins bovine
serum albumin (BSA) and myoglobin (Myo) to determine
the distribution coefficients of both proteins as a function of
surfactant concentration. The surfactants used in this work
are non-ionic alkylpolyoxyethylene glycol ethers. These
non-ionic surfactants are used to minimize interactions
other than size exclusion interactions[6].

Furthermore, a model based on excluded volume interac-
tions is presented to predict the influence of micelles on the
distribution behavior of proteins.

2. Theory

2.1. Distribution coefficients in size exclusion
chromatography

The elution of a solutei is characterized by its distribu-
tion coefficient,Ki, which is defined as the ratio of the so-
lute concentration in the gel phase,Cgel,i, over the solute
concentration in the mobile phase,Cmobile,i at equilibrium.
Throughout this paper, the gel phase is defined as the total
gel volume, including the fibers of the gel particles.

Ki = Cgel,i

Cmobile,i
(1)

Relatively large solutes cannot diffuse into the pores
and have aK-value close to 0, whereas relatively small
solutes can diffuse into the pores relatively easily and have
higher K-values. Ki can be experimentally evaluated by

the determination of the experimental elution volume,Ve
of a given solute by means of pulse experiments. The elu-
tion volume is then normalized to a column-independent
distribution coefficient by[7]:

K = Ve − V0

Vt − V0
(2)

whereV0 is the volume of the mobile phase in the column
andVt is the total volume of the column.

The distribution coefficient is an important parameter
in size exclusion chromatography. Therefore, many efforts
have been undertaken to predict this distribution coefficient
from the size and shape of the solute(s) and the size, shape
and concentration of the fibers or obstacles[8–14]. One of
the first efforts has been undertaken by Ogston[8], who has
derived a model for the distribution coefficient that is based
on the available space fraction for a rigid spherical solute
in a random distribution of long fibers. This model is only
valid for low solute concentrations and can be written as:

Ki = exp

(
−φf

(
1 + ri

rf

)2
)

(3)

whereφf is the volume fraction of fibers in the gel particles
andri andrf are the radius of the solutei and the gel fiber,
respectively. In this model, the overlap of fibers is neglected.
Bosma and Wesselingh[14] extend this model by including
the overlap of the fibers:

Ki = exp

(
−ln

(
1

1 − φf

)(
1 + ri

rf

)2
)

(4)

In many separation processes, more than one single solute
and more than one single type of fiber can be present in
the system. To describe the steric interactions among these
different solutes and fibers, Blankschtein and coworkers[13]
developed a generalized excluded volume model. In this
model, all volumes excluded to a solute due to the presence
of all types of fibers and solutes, including the solute itself,
are calculated in each phase. They derived the following
general equation:

Ki = exp


−

∑
j

γ
gel
ij +

∑
j

γmobile
ij


 (5)

where the dimensionless numberγk
ij is the total excluded

volume of solutei and a set of objectsj per volume of phase
k and is defined as:

γ
gel
ij = x

gel
j U

gel
ij , γmobile

ij = xmobile
j Umobile

ij (6)

where xk
j is the number concentration of componentj in

phasek (#/m3) andUk
ij is the excluded volumes betweeni and

j in phasek. The excluded volume of two convex particles
can be calculated by the following general expression[9,13]:

Uij = Vi + SiHj + SjHi

4π
+ Vj (7)
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whereVi, Si andHi are the volume, the surface area and the
integral of the mean curvature of componenti, respectively.
With this expression, it is possible to calculate the excluded
volume between two convex objects of any shape or size.

The distribution coefficient of a spherical solute in SEC
with only one type of fiber can now be calculated using
Eqs. (5)–(7). Assuming that the length of the fibers is sub-
stantially larger than the fiber radius, i.e.lf � rf , the distri-
bution coefficients becomes:

Ks = exp

(
−φf

(
1 + rs

rf

)2

− (φ
gel
s − φmobile

s )

(
1 + rs

rs

)3
)

(8)

whereφs is the volume fraction of the solute. The first term
in the exponent on the right hand side ofEq. (8)describes the
steric interactions between the fiber and the protein in the gel
phase. The second term describes the steric self-interaction
among the protein molecules themselves in the gel and mo-
bile phase. For dilute protein solutions, the second term can
be neglected andEq. (8)equals the well-known Ogston re-
lation (Eq. (3)).

2.2. Surfactant-aided size exclusion chromatography

To describe the retention behavior of a single protein
in surfactant-aided SEC (SASEC), three components are
present: the protein (1), the fiber (2) and the micelle (3).
Only the micelles and the protein can be present in both
phases (gel phase and mobile phase). UsingEq. (5), the dis-
tribution coefficient of the protein now becomes:

K1 = exp( − γ
gel
11 − γ

gel
12 − γ

gel
13 + γmobile

11 + γmobile
13 ) (9)

For dilute protein solutions, the parametersγ
gel
11 and

γmobile
11 can be neglected because the excluded volume due

to the presence of protein molecules is relatively small com-
pared to the total accessible volume. To calculate the ex-
cluded volume for proteins due to the presence of micelles,
the size and shape of the micelles has to be known. This can
be predicted by using a molecular-thermodynamic model
of micellization [15,16]. Puvvada and Blankschtein only
studied alkylpolyoxyethylene glycol ethers with a relatively
short polyoxyethylene chain as the hydrophilic head group
and regarded this as a compact head group. This approach
does not give satisfactory results with respect to the size pre-
diction when the polyoxy-ethylene chain consists of more
than eight oxy-ethylene units. For these large polyoxyethy-
lene chain lengths, the head group is regarded as a polymeric
chain [15]. The micelle is then modeled as a hydrophobic
core surrounded by a corona: a polymer solution consisting
of polyoxyethylene chains (Fig. 2). Both models predict mi-
celles formed by the surfactants used in this study (C12E23
and C16E20) to be globular and not cylindrical. For spheri-
cal micelles, the radius of the micelles is taken as the sum
of the radius of the hydrophobic core and the thickness of

Fig. 2. Schematic representation of a spherical micelle with a hydrophobic
core and a hydrophilic corona.

the hydrophilic corona. The radius of the hydrophobic core
can be estimated from the hydrocarbon chain length of the
surfactant. The extended hydrocarbon tail length is the max-
imum possible length of the chain and can be calculated by
[17]:

lmax = 1.5 + 1.265(nc − 1) (10)

where nc is the number of carbon atoms in the hydro-
carbon chain. Hydrocarbon chains in the liquid state
are not fully extended and thus the hydrocarbon tail
length is always smaller than the extended tail length.
For C12E23 the hydrocarbon tail length is estimated to
be about 75% of the extended hydrocarbon tail length
[17,18] and for C16E20 the length is estimated to be
about 62% of the extended hydrocarbon tail length
[18].

In this study, the thickness of the hydrophilic corona
is taken from the simulation results of Nagarajan[15],
which corresponds with experimental work of Tanford
[18]. From the study of Tanford can be deduced that the
hydrophobic core cannot be a perfect sphere when the
micelles are formed by one of the two surfactants used
in this study, as there is simply not enough space in the
spherical core to contain all the hydrophobic tails[18].
Therefore, the hydrophobic core must have an oblate
shape. An oblate micelle is defined by three semi-axes
rm, rm and ηmrm whereηm < 1. The semi-axesrm and
ηmrm are assumed to be 4.13 and 3.66 nm for C12E23 and
4.69 and 3.77 nm for C16E20 [17]. The distribution coeffi-
cient of a spherical solute (dilute solution) now becomes
[9,13]:

Ks = exp

(
−ln

(
1

1 − φf

)(
1 + rs

rf

)2

− (φ
gel
m − φmobile

m )

×
(

1 + 1

ηm

(
rs

rm

)3

+ 3

2

(
rs

rm

)2
g (ηm)

ηm

+ 3

2

(
rs

rm

)
f (ηm)

ηm

))

f(ηi) = 1 + η2
i (1 − η2

i )
−1/2 cosh−1(η−1

i )

g(ηi) = ηi + (1 − η2
i )

−1/2 cos−1(η−1
i )

(11)
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3. Materials and method

3.1. Equipment

The pulse experiments were performed on an FPLC
system, controlled by Unicorn version 2.01 (Amersham
Pharmacia Biotech Benelux). The concentration of the pro-
teins in the outlet of the column was determined on-line
by a spectrophotometer at two different wavelengths (280
and 405 nm). During the break-through experiments, the
concentration of the surfactants was measured on-line at
206 nm. The density of the eluent was also determined in
all experiments.

3.2. Column

An XK16 column from Pharmacia Biotech was used in
the system. The column was packed with SephacrylTM S300
HR (Amersham Biosciences BV, cat no. 17-0599-01) up to
a height of 7 cm. The volume fraction of the gel fibers,φf ,
has been determined with salt pulses. Small salt molecules
(NaCl) can diffuse into all the pores of the gel. The dif-
ference between the elution volume of NaCl and the geo-
metrical volume of the column gives the volume of the gel
fibers. A value of 0.08 was found for this gel, the radius of
the gel fiber,rf was assumed to be 15 nm. This assumption
has been made by fitting known distribution coefficients of
calibration proteins (data provided by Amersham Pharma-
cia Biotech) to the Ogston equation (Eq. (4)). The dead vol-
ume of the system (total volume between injection point and
spectrophotometer minus the column volume itself) is deter-
mined by pulses of dextran blue and BSA. The void volume
of the packed column is determined by dextran blue pulses.

3.3. Experiments

Pulses of 0.5 ml containing 10 g/l BSA (Sigma, cat no.
A 7906) or 1.5 g/l Myo from horse heart (Sigma cat no.
M18882 >90% pure) in a surfactant-buffer solution were
injected. In all experiments, a 10 mM phosphate buffer, pH
6.8 containing 0.1 M NaCl and a known concentration of
surfactant was used as eluent. The surfactants used in these
experiments were the non-ionic surfactants C12E23 (Acros
organics, cat no. 228345000) and C16E20 (Acros organ-
ics, cat no. 344295000). Various surfactant concentrations
between 0 and 20 wt.% were used in the eluent. In order
to determine the distribution coefficient of the surfactants,
break-through curves of the surfactants were measured at
the different surfactant concentrations.

4. Results and discussion

4.1. Distribution coefficients of BSA and Myo as function
of surfactant concentration; experimental results

The pulse response curves already show the effect of the
presence of micelles on the elution behavior of the proteins.

elution volume [ml]

C
B

S
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/l]

2.0

1.5
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0.5
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20 wt % C12E23 

10 wt % C12E23 

5 wt % C12E23 

0 wt % C12E23 

0                10                20              30               40               50  

Fig. 3. Pulse response curves of BSA at different concentrations of C12E23.
CBSA,feed = 10 g/l, pulse volume= 0.5 ml.

Fig. 3 shows some examples of the pulse response curves
measured in the BSA-C12E23 systems. As expected, it shows
an increase in elution volume of BSA with increasing sur-
factant concentration. From these measured pulse response
curves the distribution coefficients of the protein have been
determined, usingEq. (2), where the elution volume is the
volume corresponding to the peak of the pulse response
curve. The elution volume and the void volume are both
corrected for the dead volume of the system. The results of
these calculations can be seen inFig. 4, which shows the
distribution coefficient as function of the surfactant concen-
tration. The protein distribution coefficient increases with
increasing surfactant concentration, which indicates that the
proteins are indeed excluded to a higher extent from the
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Fig. 4. Distribution coefficients of BSA (circles) and myoglobin (triangles)
as function of surfactant concentration, for the two tested surfactants
C12E23 and C16E20.
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mobile phase into the gel phase at higher surfactant concen-
tration. The micelles formed by the two different surfactants,
C12E23 and C16E20, have about the same size and shape but
differ in hydrophobicity.Fig. 4 shows that there is no sig-
nificant difference in distribution coefficients of the proteins
between the two different surfactant-gel systems. This indi-
cates that the effect on the distribution coefficient is indeed
mainly determined by the size and shape of the micelle.

Fig. 4 also shows that in this case a selective gel has
been used. The distribution coefficients of BSA and Myo at
0 wt.% of surfactant is less than unity and BSA has a smaller
distribution coefficient than Myo. Increasing the surfactant
concentration has, however, a larger influence on the dis-
tribution coefficient of BSA than of Myo. The distribution
coefficient of BSA changes from 0.39 at 0 wt.% up to 2 at a
concentration of 20 wt.% of C12E23, while the distribution
coefficient of Myo only changes from 0.6 up to 1.5 in the
same concentration range. This difference of influence on
two different sized proteins proves that changing the surfac-
tant concentration in the mobile phase can change the selec-
tivity of SEC. The ability to change the selectivity in situ,
improves the flexibility of this separation method.

The data further shows that introducing micelles in the
mobile phase increases the distribution coefficients of the
proteins beyond the normal range found in SEC, i.e. be-
tween 0 and 1. Values ofKBSA up to 2 can be achieved at a
concentration of 20 wt.% of C12E23.

4.2. Distribution coefficients of the micelles, experimental
and model results

The distribution of the micelles into the gel phase has
to be known before any prediction can be made of the
distribution coefficient of the proteins.Fig. 5 shows the
experimentally determined distribution coefficients of the
surfactants. It shows an increase inK-values at increasing

CC12E23 [ wt%]

10 15 20

K
 [-

]

0,8

0,6

0,4

0,2

0,0

1,0

KC12E23 (exp.)

KC12E23 (model)

50

Fig. 5. Comparison between the model predictions of the distribution
coefficient of C12E23 the experimentally found values as function of the
concentration of C12E23.

surfactant concentration. Thus also the micelles themselves
are more excluded from the mobile phase into the gel-phase
at higher surfactant concentrations. UsingEqs. (5)–(7), the
distribution coefficients of the micelles can be predicted. To
do so, all experimentally determined weight fractions were
recalculated to volume fractions by:

φin = winρNav

MwN
Vm (12)

wherewin is the mass fraction of the micelles in the eluent,
ρ the density of eluent,Mw the molar mass of one surfac-
tant molecules,N the aggregation number of the micelle
(the number of surfactant molecules per micelle) andVm is
the volume of a micelle. The aggregation number of C12E23
and C16E20 are 50 and 70, respectively[15].

The model prediction (Eqs. (5)–(7)) of the distribution
coefficients is represented as a line inFig. 5. The model
prediction is in good agreement with the experimentally de-
termined distribution coefficients of the surfactants and is
therefore used in the further calculations.

4.3. Distribution coefficients of the proteins as function of
surfactant concentration; modeling results

Eq. (11) is now used to predict the distribution coeffi-
cient of BSA and Myo as function of the concentration of
surfactant in the mobile phase.Figs. 6 and 7compare the
predictedK-values with the average of the experimentally
found K-values using C16E20 and C12E23 as surfactant. Up
to a concentration of 10 wt.% of surfactant in the mobile
phase, the model predictions are in good agreement with the
experimental results. At higher concentrations, the model
predicts that the distribution coefficient of the proteins is be-
coming almost constant, while the experimental data show
a further increase of the distribution coefficients at higher
concentrations of surfactant.
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Fig. 6. Comparison between the model predictions of the distribution
coefficients of BSA and Myo usingEq. (11) and the average of the
experimentally foundK-values for BSA and Myo as function of the
concentration of C12E23.
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Fig. 7. Comparison between the model predictions of the distribution
coefficients of BSA and Myo usingEq. (11) and the average of the
experimentally foundK-values for BSA and Myo as function of the
concentration of C16E20.

The model described byEq. (11) does not take into
account the possible overlap of the micelles at high con-
centrations. The excluded volume for the proteins, due to
the presence of the micelles, will be underestimated by this
model. The distribution coefficient of micelles levels off
(Fig. 5), which means that the concentration ratio of the
micelles in the mobile and the solid phase becomes con-
stant. The concentration difference between the two phases
thus increases with increasing surfactant concentration.
This will cause a higher driving force and the protein will
distribute more into the solid phase, than predicted without
fiber overlap.

At low surfactant concentrations this overlap can be ne-
glected but at higher concentrations the overlap will influ-
ence the distribution behavior of the other solutes (Lazarra,
Blankschtein and Deen, 2000). In the same way as the origi-
nal Ogston relation was extended for fiber overlap, the model
described here can be extended for the overlap of the mi-
celles (Bosma and Wesselingh, 2000; Lazarra, Blankschtein
and Deen, 2000):Eq. (11)than becomes:

Ks = exp

(
−ln

(
1

1 − φf

)(
1 + rs

rf

)2

−
(

ln

(
1

1 − φ
gel
m

)

− ln

(
1

1 − φmobile
m

))(
1 + 1

ηm

(
rs

rm

)3

+ 3

2

(
rs

rm

)2
g (ηm)

ηm
+ 3

2

(
rs

rm

)
f (ηm)

ηm

))
(13)

Figs. 8 and 9compare the results ofEq. (13) with the
experimental data. The prediction of the distribution coeffi-
cient of BSA and Myo is now in good agreement with the
experimental results. Even better results may be achieved
when other interactions between the micelles and proteins
are incorporated in the model besides the steric interactions.
The associated increase in model complexity should be bal-
anced against the increase in model accuracy.
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BSA (equation 13)
Myo (equation 13)
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Fig. 8. Comparison between the model predictions of the distribution co-
efficients of BSA and Myo usingEq. (13)and the average experimentally
found K-values for BSA and Myo as function of the concentration of
C12E23.

4.4. Future outlook

The case described in this paper shows the ability to
change the selectivity in-situ by using SASEC. Using the
chosen combination of gel and surfactant for the separation
of BSA and Myo is probably not the best choice for ap-
plying this SASEC method in fixed bed chromatography.
The gel is still selective, which means that first a certain
threshold concentration of surfactant should be reached be-
fore improvement of the selectivity will occur.Fig. 4shows
that at about 15 wt.% the elution behavior of normal SEC is
reversed. At higher surfactant concentrations the selectivity
will improve. To improve the selectivity at lower surfactant
concentrations(φgel

m −φmobile
m ) should be increased and/orrm

should be decreased (seeEq. (13)). This is possible by using
for example long cylindrical micelles with a small diameter.
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Fig. 9. Comparison between the model predictions of the distribution co-
efficients of BSA and Myo usingEq. (13)and the average experimentally
found K-values for BSA and Myo as function of the concentration of
C16E20.
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Long cylindrical micelles will have a lower distribution to-
wards the solid phase compared to spherical micelles. This
will results in a higher values for(φgel

m − φmobile
m ).

An improvement of selectivity is not even necessary
when gradient simulated moving bed chromatography
(gradient-SMB) is used[3,19]. Normal SMB can already
reduce resin and eluent consumption and maintain a high
product concentration at the same time. With gradient-SMB
the resin and eluent consumption can be further reduced and
even more concentrated products can be reached. Another
advantage of using SMB-chromatography is that the sur-
factants can be separated from the product in the same unit
operation, if necessary (this doesn’t have to be necessary
as some surfactants are being used in industrial practice to
formulate the end product).

5. Conclusions

The elution time, and thus the distribution coefficient of a
protein, during size exclusion chromatography is increased
by using nonionic surfactants above their CMC in the mo-
bile phase. This increase is different for proteins of different
sizes, what implies that changing the surfactant concentra-
tion in the mobile phase changes the selectivity of the sepa-
ration in-situ. The ability of changing the selectivity makes
SASEC more flexible than the conventional SEC for pro-
tein purification and will probably decrease the size of SEC
equipment and reduce the eluent consumption.

The model presented in this paper is based solely on the
excluded volume interactions between the proteins, micelles
and the fibers. It does describe qualitatively the influence of
non-ionic micelle-forming surfactant on the distribution of
proteins. An even more accurate description of the behavior
may be achieved when other interactions between the mi-
celles and proteins are incorporated in the model besides the
steric interactions. The associated increase in model com-
plexity should be balanced against the increase in model
accuracy.

6. Nomenclature

Ck
i concentration of solutei in phasek

Ki distribution coefficient of componenti
lmax extended hydrophobic tail length
Mi integral of mean curvature of component
nc number carbon atoms in hydrocarbon tail
N Avogadro number
Nav aggregation number
ri radius of componenti
S selectivity
Si surface area of componenti

Uij excluded volume between componentsi and j
Ve elution volume
Vi volume of componenti
Vo void volume
Vt total volume of column
xi number concentration of componenti

Greek letters
γij steric interaction parameter between

componentsi and j
ρ density
φi volume fraction of componenti

Subscripts
f gel fiber
gel gel phase
m micelle
mobile mobile phase
s solute

Superscripts
gel gel phase
mobile mobile phase
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