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The Influence of Protein Size on Adsorption Kinetics
and Equilibria in Ion-Exchange Chromatography

G. GARKE, R. HARTMANN, N. PAPAMICHAEL,
W.-D. DECKWER, and F. B. ANSPACH*
BIOCHEMICAL ENGINEERING DIVISION
GBF - GESELLSCHAFT FÜR BIOTECHNOLOGISCHE FORSCHUNG mbH
MASCHERODER WEG 1, D-38124 BRAUNSCHWEIG, GERMANY

ABSTRACT

The adsorption behavior of lysozyme and g-globulin on the strong cation-ex-
changer Streamline SP was studied by determining the equilibrium isotherms with
batch experiments. Adsorption isotherms of the binary mixture of both proteins were
modeled using the Langmuir parameters derived from single-component systems.
Comparison of experimental results with the competitive Langmuir model displayed
significant deviations for the adsorption of lysozyme in the mixture. An extended
Langmuir model, accounting for the distinct accessibility of the sorbent’s surface for
the competing proteins, revealed much better consistency with experimental data. As-
suming the rate-limiting step of protein uptake is due to mass transport effects, the ki-
netics were modeled with a rate model. Taking into account diffusion across the li-
quid film and within the adsorbent pores, effective pore diffusion coefficients were
determined. It was shown that the effective pore diffusion coefficient of both model
proteins depends on the total protein concentration and the concentration ratio of the
competing proteins in the liquid phase. In the binary mixture the diffusion rate of the
faster diffusing protein lysozyme was slowed down by the lower diffusion rate of the
larger protein g-globulin. In packed bed experiments the weaker adsorbed g-globulin
was displaced by lysozyme and eluted earlier as in single-component breakthrough
curves whereas the elution time of lysozyme was almost identical. However, the
breakthrough curve of lysozyme was flatter in the presence of g-globulin due to the
diffusional hindrance in the mixture.

Key Words. Ion-exchange chromatography; Protein adsorption; Protein ac-
cessibility; Displacement effects; Discount factor; Adsorption kinetics
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INTRODUCTION

Ion exchangers are the most commonly used stationary phases for protein
purification in downstream processing (1). This is attributed to their versati-
lity and relatively low price. In order to keep operating costs low during large-
scale operation, working in the nonlinear regime of protein adsorption
isotherms is recommended. This results in a higher throughput of both sample
volume and protein, but the associated higher bed loading leads to notable
competition between proteins for binding sites at the sorbent’s surface. As a
consequence, displacement and, in unfavorable circumstances, a lowering of
the effective binding capacity for the target protein is observed.

The optimization of chromatographic operations becomes increasingly im-
portant with scale. To describe and optimize a chromatographic purification
step by computer simulation, an understanding of the equilibrium and the ki-
netics of adsorption is necessary. Ideally, fundamental parameters derived
from batch experiments would be used within a computer model in order to
plan and modify the chromatographic purification step (2, 3).

Different strategies exist for modeling preparative chromatography (4).
Two fundamental approaches are mainly employed to solve the problem of
distribution effects. One approach, generally termed the plate theories, sim-
plifies the mathematical treatment by lumping various bandspreading contri-
butions into a plate height. However, the plate height is not directly related to
physicochemical parameters of proteins and hence this is a more empirical ap-
proach (5–7).

The other approach is more complex and based on differential mass balance
equations. Several so-called rate models have been developed for the adsorp-
tion of proteins on porous media (2, 8, 9). Apart from the thermodynamics of
phase equilibrium, the rate models consider the axial dispersion and mass
transfer resistance, e.g., the external fluid film resistance, kf, and the intra-
particle effective pore diffusion coefficient, Deff. Experimental validation of
various chromatographic models for protein adsorption has usually addressed
single-component systems (7, 10, 11) or a mixture of small organic molecules
(12). The complexity increases with systems consisting of more than one
component, as an increasing number of coefficients must be determined inde-
pendently by measurement. The problem of how many and which parameters
are substantial for a successful description of a real chromatographic separa-
tion, e.g., a fermentation broth supernatant, is still to be solved.

In order to get insight into the effects during adsorption of a protein mix-
ture, a two-component system with well-defined boundary conditions was
chosen. Lysozyme and g-globulin were used as model proteins with the strong
cation-exchanger Streamline SP in a batch system. A film and pore diffusion
model based on a Langmuir-type adsorption was employed to describe the
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ORDER                        REPRINTS

mass transport for the two-component system. The issues of protein competi-
tion and different accessibilities of the ion-exchanger’s inner surface were ad-
dressed and related to the breakthrough behavior of binary mixtures of diffe-
rent lysozyme/g-globulin ratios.

THEORETICAL ASPECTS

Equilibria

Assuming reversible second-order kinetics for the adsorption of proteins,
equilibria can be described by the well-known Langmuir isotherm (13). Al-
though this model was proposed for the adsorption of gases on surfaces, it is
well suited to describe protein adsorption if single-site interactions take place
between the protein and the ligand and if additional nonspecific interactions
are absent. To describe mixed gas adsorption, Markham (14) employed the
competitive Langmuir equation

q*i 5 (1)

in which qm represents the maximum binding capacity, qi* and c i* the sorbate
concentration in the solid and liquid phases at equilibrium, and Kai the associ-
ation constant of Component i.

The binding capacities of two proteins can be similar when they are related
to the sorbent’s surface area; nevertheless, they can differ when related to the
volume of the sorbent. This is the case if pore size exclusion effects come into
play due to different sizes of these proteins. A discount factor, d, defined as
the ratio of qm1 to qm2, was introduced to take into account distinct saturation
capacities qmi, caused by different accessibilities of the ion-exchange surface
for proteins of different sizes and shapes (15). In a two-component system,
competition for a particular site is only relevant if both proteins have physical
access to that site. If Protein 1 is larger than Protein 2, only a fraction of ad-
sorption sites for Protein 2 are available to Protein 1, which is expressed as 0
, d 5 qm1/qm2 # 1. The second-order differential kinetics for Component 1
are then described by Eq. (2). It should be pointed out that d is not related to
the ratio of the particle porosity, «p, for each of the proteins, as the contribu-
tion of small pores to the binding capacity of a sorbent is relatively higher than
that of large pores.

dq1/dt 5 ka1c1 (qm1 2 q1 2 dq2) 2 kdlq1 (2)

The rate constants of adsorption and desorption are represented by ka and kd.
From the second-order differential kinetics for Components 1 and 2, Eqs. (3)

qmKaic*i
}}
1 1 ∑

j

Ka j c*j
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and (4) are derived for the equilibrium concentration q*1 and q*2 (15), with Kai

5 kai/kdi 5 1/Kdi.

q*1 5 (3)

q*2 5 (4)

When qm1 5 qm2 (d 5 1), Eqs. (3) and (4) reduce to the common two-com-
ponent Langmuir equation derived from Eq. (1). Equations (3) and (4) may be
solved algebraically (16) using the Langmuir parameters Kai and qmi deter-
mined from single-component measurements.

Kinetics

To determine the effective pore diffusion coefficients via uptake curves, a
heterogeneous film and pore diffusion model was employed. It was derived
from the differential mass balance (see Eq. 5) with the particle porosity for
each of the proteins, «p, the concentration cp in the pore volume, the effective
pore diffusion coefficient Deff, and the particle radius r (from 0 to Rp, the av-
erage particle radius). Particle porosities «p were determined from size exclu-
sion experiments in the packed bed mode under nonbinding conditions (1 M
NaCl). For lysozyme and g-globulin, 0.7 and 0.36 were obtained, respec-
tively.

Deff is smaller than the diffusivity D0 in solution as a result of two effects:
the random orientation of the pores, which gives a longer diffusion path, and
the variation of pore diameters. Both effects are commonly accounted for by
a tortuosity factor t: Deff 5 D0«p /t. To describe the protein distribution be-
tween the pore liquid and the particle surface, the second-order kinetic (2) was
used, assuming that the rate of the adsorption is not a limiting step.

«p }
­

­

c
t
p

} 5 «pDeff 1}
­

­

2

r

c
2
p

} 1 }
2
r
­

­

c
r
p

}2 2 (1 2 «p) }
­

­

q
t
} (5)

The external film mass transfer coefficient kf may be achieved according to
an empirical equation of Geankoplis (17). The rate of mass transfer through
the external film relates the bulk liquid concentration cb to the pore liquid at
the surface of the particle at the right-hand boundary in a linear form:

«p Deff }
­

­

c
r
p

} 5 kƒ(cb 2 cp), r 5 Rp (6)

The decrease of liquid concentration in the bulk volume is calculated from
the mass balance of applied and adsorbed amount of proteins. Therefore, it is

Ka2c*2[(1 1 Ka1c*1)qm2 2 Ka1c*1 qm1]
}}}}}
1 1 Ka1c*1 1 Ka2c*2 1 (1 2 d)Ka1c*1 Ka2c*2

Ka1c*1[(1 1 Ka2c*2)qm1 2 dKa2c*2 qm2]
}}}}}
1 1 Ka1c*1 1 Ka2c*2 1 (1 2 d)Ka1c*1Ka2c*2
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ORDER                        REPRINTS

necessary to integrate over the particle radius r (Eq. 7). The second integral,
the amount of protein in the pore volume, can be neglected. This is reasonable
because the amount of protein in the pore volume is small compared to the ad-
sorbed protein and that in the bulk volume. If the capacity q is related to the
whole particle volume, the factor (1 2 «p) in the first integral is not needed.

«[c0 2 cb(t)] 5}
3(1 2 «

R

)(
3
p

1 2 «p)
} ERp

0
q(r)r2dr 1 }

3(1 2

R3
p

«)«p
} ERp

0
cp(r)r2dr

(7)

In Eq. (7), « is the sorbent void volume fraction related to the bath. The set of
equations were solved numerically for the initial and boundary conditions (9)
via a FORTRAN program.

MATERIALS AND METHODS

Materials

The strong cation-exchanger Streamline SP (Pharmacia Biotech, Uppsala;
Sweden) was used throughout this study. The macroporous matrix is based on
6% crosslinked agarose with sulfopropyl moieties and a particle size distribu-
tion between 100 and 300 mm. The density of the moist gel varies between
1.15 and 1.20 g?mL21, according to the manufacturer.

Porcine g-globulin (156 kDa, pI 5 6.5, from Cohn fraction II, III) and
lysozyme from chicken egg white (14.1 kDa, pI 5 11) were purchased from
Sigma (Deisenhofen, Germany). Buffer salts and reagents were obtained from
Riedel-de Haen (Seelze, Germany).

Preparation of Protein Solutions

100 mM sodium acetate buffer (pH 5) was filtered through a 0.2-mm
cellulose nitrate filter (Minisart NML, Sartorius, Germany) before use. Pro-
tein solutions were prepared by adding acetate buffer to the protein samples
and stirring slowly for 30 minutes. Lysozyme solutions were clear whereas
those of g-globulin were cloudy. A clear solution was obtained after filtration
through a paper filter (Weibband, Schleicher & Schüll, Dassel, Germany).
Mixtures of the two proteins were prepared by combination and dilution.
Individual protein concentrations of mixtures were determined by HPLC
analysis.

Batch Adsorption

After equilibration of the ion-exchanger with 100 mM acetate buffer (pH 5),
0.3 g samples of moist gel were weighed into 5 mL test tubes. Different vo-
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ORDER                        REPRINTS

lumes of protein solution were added and the tubes gently rotated for 2 hours
at 25°C. After allowing the gel to settle (1 minute), the quantity of adsorbed
protein per mL gel was determined by calculation of the loss of protein in the
supernatant. This value was corrected for the protein present in the pore vo-
lume and related to the settled volume of the ion exchanger.

Protein Uptake Curves

An amount (0.3 g) of the ion-exchange gel was washed, equilibrated, and
weighed into 5 mL test tubes. A defined volume with known protein concen-
tration was added, and the tube was rotated a predefined time period, t. After
the gel settled (1 minute), the adsorbed protein was calculated from the re-
maining protein concentration in the liquid phase. A series of 10 tests was per-
formed under identical conditions with contact times varying between 1 and
100 minutes.

Analysis of the Two-Component Protein Mixture by Size
Exclusion Chromatography

Protein mixtures were separated by size exclusion chromatography (HPLC
system 2150-52, LKB, Bromma, Sweden; Superose 12 column, 310 3 10
mm, Pharmacia Biotech, Uppsala, Sweden), using 50 mM potassium phos-
phate buffer with 150 mM NaCl (pH 7.0) at a flow rate of 0.75 mL?min21.
Proteins were detected at 280 nm using a calibrated UV-detector.

Frontal Analysis

The adsorption behavior of the two proteins was observed in packed-bed
experiments as breakthrough curves. The column experiments were per-
formed with 13 mL Streamline SP packed in a XK-16 column (diameter 16
mm, bed height 65 mm) and an FPLC system (Pharmacia Biotech, Uppsala,
Sweden). In all experiments the volumetric flow rate was 0.83 mL?min21 (li-
near flow rate 25 cm?h21). After equilibration with 100 mM sodium acetate
buffer (pH 5), the column was loaded with protein solution until the concen-
tration at the outlet reached that of the inlet. The compositions of the effluents
were analyzed by HPLC, as described above. After adsorption, bound proteins
were eluted with a linear gradient up to 1 M NaCl and the Streamline sorbent
was regenerated with 0.5 M NaOH 1 1.5 M NaCl.

RESULTS AND DISCUSSION

Single-Component Adsorption

According to the theory outlined above, the description of the competitive
binding and displacement phenomena requires a knowledge of the individual

2526 GARKE ET AL.
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ORDER                        REPRINTS

protein adsorption isotherms. Isotherms for lysozyme and g-globulin are
shown in Fig. 1. The Langmuir parameters were calculated by least-squares
regression of Scatchard-plot data and are summarized in Table 1. Adsorption
of g-globulin is characterized by a lower maximum capacity than lysozyme.
The shallower curvature of the g-globulin isotherm also indicates a lower
affinity of sorbent and protein. The affinity in ion-exchange adsorption is re-
lated to the net charge of the protein and the ion exchanger. Since the pI of g-

INFLUENCE OF PROTEIN SIZE ON ADSORPTION KINETICS 2527

FIG. 1 Adsorption isotherms of lysozyme (j, h) and g-globulin (d, s) on Streamline SP in 
100 mM sodium acetate buffer (pH 5). Two independent series of adsorption experiments were 
performed for each protein. The lines are obtained from least-square fitting of the Langmuir

model. Corresponding Langmuir parameters are listed in Table 1.

TABLE 1
Langmuir Parameters of Single-Component Adsorption of Lysozyme and g-Globulin on

Streamline SP in 100 mM Acetate Buffer (pH 5)

Kd Ka

qm

Protein (mg·mL21) (mL·mol21) mg·mL21 mmol·mL21

Lysozyme 0.041 3.4 3 105 101 7.2 3 1023

g-Globulin 0.280 5.6 3 105 74 0.47 3 1023
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ORDER                        REPRINTS

globulin is much lower than that of lysozyme, its net positive charge is rela-
tively low at the chosen pH.

The curves clearly support the notion of a protein monolayer during bind-
ing. In contrast to this, isotherms determined under different experimental
conditions, e.g., at neutral pH, were evidently at odds with a Langmuir sup-
position. For example, data obtained with g-globulin on the anion-exchanger
Streamline DEAE at pH 7.0 displayed S-type adsorption (data not shown), in-
dicating buildup of a multilayer. Similar observations were obtained for
murine IgG1 on the anion-exchanger DEAE-Sepharose CL-6B (18). In the
case of BSA adsorption on Streamline SP at pH 5, the curvature of the
isotherm was best described using the Freundlich formalism (19). These
facts illustrate how restricted the concept of a model protein is. Not only does
the choice of model protein/sorbent have a distinct effect on isotherm shape,
the conditions at which the adsorption takes place can also be of significant
influence.

Two-Component Adsorption

Adsorption isotherms of the binary mixture of g-globulin and lysozyme are
shown in Figs. 2 and 3, respectively. The solid lines depict the predictions

2528 GARKE ET AL.

FIG. 2 Adsorption isotherms of g-globulin from the binary mixture containing lysozyme; d 5
100%, h 5 80%, m 5 50%, and , 5 20% mass fraction of g-globulin in c0. Solid lines are 
calculated using the full-competitive two-component Langmuir Eq. (1), utilizing parameters 

derived from experiments with individual proteins (Table 1).
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ORDER                        REPRINTS

from the full-competitive Langmuir model described by Eq. (1). The mass
fractions of the two proteins refer to the conditions at c0 (at start of protein
adsorption from the mixture), which were set to 1.0, 0.8, 0.5, and 0.2 for g-
globulin; these protein compositions change during adsorption until equilib-
rium is reached.

The adsorption isotherm of g-globulin in the binary mixture shows com-
petitive behavior. Competition between the two proteins for free binding sites
resulted in a displacement effect which was observed as a decreasing g-glo-
bulin binding capacity with increasing total protein concentration in the feed-
stock. The maximum capacity for g-globulin, as obtained either from the
asymptotic values or from the maxima of the curves in Fig. 2, was found to be
proportional to the mass fraction in c0, as is shown in Fig. 4. Hence, the com-
petitive Langmuir model was well-suited to describe the adsorption of g-glo-
bulin from the binary protein mixture.

In contrast to this, adsorption isotherms of lysozyme in the binary mixture
were found to be similar to those of the pure protein with the maximum bin-
ding capacity not decreasing with the mass fraction of g-globulin in c0. In
other words, the adsorption behavior of lysozyme is almost independent of the
second component, g-globulin. The full-competitive model predicts a de-

INFLUENCE OF PROTEIN SIZE ON ADSORPTION KINETICS 2529

FIG. 3 Adsorption isotherms of lysozyme from the binary mixture containing g-globulin; d 5
100%, h 5 80%, m 5 50%, and , 5 20% mass fraction of lysozyme in c0. Solid lines are 
calculated using the full-competitive two-component Langmuir Eq. (1), utilizing Langmuir

parameters derived from experiments with individual proteins (Table 1).
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ORDER                        REPRINTS

crease of the binding capacity with increasing the g-globulin mass fraction
which, however, was not observed in practice. A possible explanation for this
contradiction may be derived by considering the shapes of the two proteins.
Figure 5 shows schematically the molecular dimensions of lysozyme, a glob-
ular protein (20), and g-globulin, an ellipsoid (21). Due to the size of g-glob-
ulin, only a small portion of the surface area is accessible, the rest being only

2530 GARKE ET AL.

FIG. 4 Dependence of the maximum binding capacity of g-globulin on the mass fraction in c0

of the binary mixture containing lysozyme.

FIG. 5 Scheme of the molecular dimensions of lysozyme and g-globulin.
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accessible to the smaller molecule lysozyme. Hence, competition between g-
globulin and lysozyme for binding sites takes place only within the fully ac-
cessible fraction. Competition effects at those sites may be only marginal in
comparison to the total binding capacity for lysozyme. Therefore, the large de-
viation found between predicted and experimental data of the full-competitive
adsorption model is due to the assumption that the same surface is reachable
for both proteins which, however, is unreal.

Mathematically, this situation is accounted for by the extended multicom-
ponent Langmuir model of Eqs. (3) and (4) (15). Accordingly, the factor d was
set to the ratio of the maximum binding capacities for single-component ad-
sorption d 5 qm1/qm2 5 0.73. The results are shown in Fig. 6 for lysozyme. In
contrast to the full-competitive isotherm model, the restricted access model
properly predicts the adsorption isotherms for both g-globulin and lysozyme
from the binary mixture. For g-globulin there is only a marginal change in the
predicted behavior compared to the original predictions in Fig. 2. For
lysozyme this model offers much better agreement between experimental data
and simulated curves than the full-competitive Langmuir model. In essence,
the d-factor allows a more comprehensive description of the competition be-
tween lysozyme and g-globulin. Corresponding to these results, the maximum

INFLUENCE OF PROTEIN SIZE ON ADSORPTION KINETICS 2531

FIG. 6 Adsorption isotherms of lysozyme from the binary mixture containing g-globulin; d 5
100%, h 5 80%, m 5 50%, and , 5 20% mass fraction of lysozyme in c0. Same experimental 
data of binary mixture as in Fig. 3. Solid lines were calculated utilizing the extended two-
component Langmuir Eqs. (3) and (4) with d 5 qm1/qm2 5 0.73; lines for 20% and 50% mass 

fraction of lysozyme are not resolved in the graph.
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ORDER                        REPRINTS

binding capacity for lysozyme is only marginally affected by g-globulin.
Therefore, besides the thermodynamic constants Kai and qmi the accessible
pore fraction of competing proteins is an important factor to consider in order
to predict the binding capacities of individual proteins from a binary mixture.

Adsorption Kinetics

Experimental protein uptake curves were determined and compared to sim-
ulated curves by varying the effective pore diffusion coefficient, Deff, in the
pore and film diffusion model. Optimization at simulated curves was done by
least-squares regression until the best fit was obtained. The particles were as-
sumed to be monodisperse with a radius of 100 mm (mean value from a distri-
bution of 50–150 mm), and the film mass transfer coefficients, kf, were esti-
mated according to Geankoplis (17) to be 9.1 3 1026 and 4.4 3 1026 m?s21

for lysozyme and g-globulin, respectively. Normalized concentrations, c/c0,
were plotted against the square root of the contact time, t, which is the sum of
the mixing and settling times. Figures 7 and 8 (solid lines) show the uptake
curves for single-component adsorption of g-globulin and lysozyme at initial
concentrations, c0, of 8 and 4 g?L21, respectively. In the initial period of ad-

2532 GARKE ET AL.

FIG. 7 Batch adsorption profiles of the uptake of g-globulin by Streamline SP in agitated 
vessels. The concentrations at the start were 4 and 8 g?L21. Solid lines were calculated with the 
film and pore diffusion model. The adsorption of g-globulin (5 mL solution) by 0.4 g Streamline
SP, kf 5 4.40 3 1026 m?s21; (d) c0 5 4 g?L21 and Deff 5 1.5 3 10211 m2?s21, (s) c0 5 8 g?L21

and Deff 5 0.86 3 10211 m2?s21.
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ORDER                        REPRINTS

sorption the film and pore diffusion model predicts a faster decrease of the bulk
concentration than determined experimentally. This discrepancy is most prob-
ably due to the experimental setup. The diameter of the stagnant film around a
particle is a function of the relative motion of the liquid to the particle. Hence,
it is smaller during mixing than during the time the ion-exchange particles are
allowed to settle. Since the settling time was invariantly 1 minute, the effect of
the larger mass transfer resistance was more pronounced at the beginning of up-
take, especially during the first 5 minutes. Variation of the film mass transport
coefficient had only a minor impact on the shape of the curve with advancing
adsorption time, demonstrating that mass transport inside the porous system is
rate limiting. Although a better fit at the onset of the protein uptake curve could
be attained by variation of kf, this was disregarded due to the known variation
of the film thickness as consequence of the experimental setup (see above).

The results indicate that mass transfer within the pores is concentration-de-
pendent, the diffusivity being faster at an initial concentration of 4 g?L21 than
at 8 g?L21. The higher protein concentration probably leads to increased steric

INFLUENCE OF PROTEIN SIZE ON ADSORPTION KINETICS 2533

FIG. 8 Batch adsorption profiles of single- and two-component uptake of lysozyme by 
Streamline SP in agitated vessels. The starting concentrations were 4 and 8 g?L21 with mass 
fraction, x, of 1.0. In the binary mixture with g-globulin the starting concentration was 4 g?L21

with a mass fraction, x, of 0.5. The adsorption of lysozyme (5 mL solution) by 0.3 g Streamline
SP, kf 5 9.11 3 1026 m?s21; (j) c0 5 4 g?L21, x 5 1.0, and Deff 5 2.2 3 10211 m2?s21; (h) 
c0 5 8 g?L21, x 5 1.0, and Deff 5 1.4 3 10211 m2?s21; (m) c0 5 4 g?L21, x 5 0.5, and

Deff 5 1.43 10211 m2?s21.
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interactions between the molecules themselves and between molecules and
the pore walls of the sorbent, which results in hindered diffusion.

Comparison of the uptake curves for lysozyme at a concentration of 4 g?L21

in the absence and presence of g-globulin demonstrates the influence of the
latter component (Fig. 8). Lysozyme uptake in the binary mixture (broken
line) is obviously retarded when g-globulin is present.

Using the computer simulation program for single-component adsorption and
optimizing Deff by least-squares fit, the uptake curve for the two-component sys-
tem was modeled. This approach can only be justified for the case of lysozyme,
the adsorption of which is relatively independent of the presence of g-globulin.
Table 2 summarizes the effective diffusion coefficients for both the single- and
two-component systems. There are two trends: first, Deff is concentration-de-
pendent for both proteins, decreasing with increasing concentration; second, the
effective pore diffusivity of lysozyme in the binary system decreases with the
mass fraction of the competing g-globulin. It appears that the presence of g-
globulin effectively masks the rise expected at the lower lysozyme concentra-
tion. In other words, the hindrance caused by the competitor molecule becomes
an overriding factor, so much so that the effective diffusivity of lysozyme ap-
proaches the value for g-globulin as the mixture becomes richer in the latter.

Similar phenomena were observed during investigation of the pore diffu-
sion of organic dyes in activated carbon (22). It was found that Deff of the sin-
gle-component solutions varied with c0 with an exponential decay function.
From measurements of the diffusion rates in multisolute systems, the effective
diffusion coefficient of the slower molecule was found to be enhanced and that
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TABLE 2
Effective Pore Diffusion Coefficients of Lysozyme and g-Globulin during 

Adsorption from Pure Solution and from Two-Component Mixtures, as 
Calculated with the Film and Pore Diffusion Model

Initial concentration, c0 (g·L21) Deff 3 1011 (m2·s21)a

g-Globulin Lysozyme g-Globulin Lysozyme

0 4.0 — 2.2
0 8.0 — 1.4
1.3 6.7 — 2.0
4.0 4.0 — 1.4
6.5 1.5 — 1.0
4.0 0 1.5 —
8.0 0 0.9 —

a In free solution: Dbulk (g-globulin) = 4.0 3 10211 m2·s21, Dbulk (lysozyme)
= 11.2 3 10211 m2·s21 (28, 23).
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of the faster diffusing molecule reduced. Whether a similar effect would be
observed for g-globulin can only be ascertained by extending the current
computer program and obtaining values for its effective diffusivity in the pro-
tein mixture.

Assuming the protein diffusion coefficient in solution is independent of
concentration, which, however, is only realistic at dilute concentrations (23),
an additional transport mechanism must be taken into consideration in order
to account for the observed effects. It has been suggested that surface diffu-
sion participates in the mass transfer of proteins, especially at high protein
concentrations of ion exchangers of high charge density (24). Nevertheless, in
order to account for the diffusional interference in the mixture of both pro-
teins, numeric coupling via cross coefficients in the mathematical description
(25) must be allowed.

Breakthrough Curves
The consequences of displacement effects in the binary mixture on break-

through curves in comparison to single-component systems are shown in Fig.
9. Due to the lack of a kinetic model to account for two-component adsorption
on an ion exchanger, the simulation of breakthrough curves is yet to come.
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FIG. 9 Breakthrough curves of g-globulin and lysozyme in single-component solutions and 
binary mixtures. The initial concentration of each protein was 4 g?L21 with different mass
fractions, x, of 1.0 and 0.5. The volumetric flow rate was 0.83 mL?min21 with a column 
diameter of 16 mm and a bed volume of 13 mL Streamline SP in 100 mM acetate buffer

(pH 5).
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In the single-component experiments the breakthrough of g-globulin occurs
earlier and the slope of the curve is shallower than that of lysozyme. These ob-
servations can be easily explained by considering the isotherm and findings
from protein uptake experiments. Both the binding capacity, qm, for g-globu-
lin and its effective pore diffusion coefficient, Deff, are lower compared to
lysozyme. Hence, penetration into the particle will be slower, allowing the
protein to be washed out by convective flow at an earlier stage. The shallow
curvature reflects the fact that g-globulin exhibits a lower degree of diffusive
penetration.

Furthermore, the curve for g-globulin does not reach the level of the inlet
concentration, even after 500 mL have passed through the column. The slower
effective diffusivity at higher protein concentration might play a role here, but
another interpretation is that this behavior is related to replacement effects,
which are inherently dependent on the desorption kinetics (26). A similar ex-
planation has been previously termed the “parking” problem by Jin et al. (27)
and is described by the random sequential adsorption (RSA) algorithm. Es-
sentially, at high surface coverage proteins need a long time to find free ad-
sorption sites before they can “park” themselves, as cars have to do in a park-
ing lot. At low coverage, sites are available almost everywhere, so that the
time required to park is significantly lower. The present model assumes that
the rate-limiting step is dependent only on mass transfer effects. Hence, such
statistically driven adsorption behavior cannot be described accurately.

The breakthrough curve determination for the binary mixture exhibits a
“roll-up” phenomenon in the case of g-globulin, reaching a concentration at a
maximum of approximately 1.6-fold of the entry value. In addition, the curve
is steeper and appears earlier in comparison to the pure protein loading. The
curve for lysozyme, in contrast, is marginally flatter but essentially retains its
original shape and position. From the batch adsorption isotherms it was evi-
dent that lysozyme displaces g-globulin. Initially, there is binding of both pro-
teins. As sites are utilized, competition becomes more relevant and g-globulin
is displaced by lysozyme. Hence, the effective volume for binding of g-glob-
ulin is reduced dynamically and an earlier breakthrough occurs.

The breakthrough curve of lysozyme in the mixture is flatter than in the sin-
gle-component experiment based on the kinetic effect described above. The
diffusivity of lysozyme is slowed down in the presence of g-globulin.

In the case of g-globulin the capacity decreased from 76 mg?mL21 in the
single-component breakthrough curve to 18 mg?mL21 in the protein mixture.
For lysozyme the capacities were almost identical (101 and 100 mg?mL21 for
the single component and the mixture, respectively). Only the displaced com-
ponent is eluted from 160 to 330 mL, and hence can be separated from the bi-
nary mixture. The capacities of the single-component breakthrough curves
correlated with the findings from the single batch adsorption isotherms at c*
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5 4 mg?mL21 (see Fig. 1). In contrast, the capacities of the binary mixture in
packed-bed experiments did not correlate in the same manner with the batch
isotherms. In breakthrough curve experiments there is a continual introduction
of new material with constant mass fraction of the proteins. Hence, a distinct
behavior can be expected with respect to capacity in these two adsorp-
tion modes. The utilization of thermodynamic data from batch isotherms in
column adsorption can only be successful if this can be taken into account.

CONCLUSION

The binding of a binary mixture of lysozyme and g-globulin onto Stream-
line SP cannot be correctly described without consideration of the respective
pore fraction accessibility for each of the proteins. Moreover, it was found that
binding capacity alterations depend strongly on the relative molecular size and
apparent association constant with the cation exchanger; a small competitor
protein with a high net-positive charge and consequently high affinity dra-
matically decreasing the capacity for the larger protein with a low net-positive
charge. Observations also indicate that the effective protein diffusivity was al-
tered due to intermolecular hindrance as shown by measurements with various
protein mass fractions. All these phenomena increase the complexity of a
model required to describe the binding of proteins to ion-exchange sorbents
adequately.
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