
 

 

 University of Groningen

More efficient process chromatography
Bosma, Jacob Catrinus

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bosma, J. C. (2001). More efficient process chromatography. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/8c351796-ea25-497b-8dc9-54b0257eb0b5


6 

pH Dependence of 

Ion-Exchange 

Equilibrium of 

Proteins II 

 



 

106 Chapter 6 

Abstract 
The adsorption equilibrium of Bovine Serum Albumin on Q-sepharose FF was 
investigated with column experiments at various pHs and ionic strengths. The 
results are compared with various models from the literature. The validity and 
usefulness of these models and the assumptions done in the models are discussed. 

 

Introduction 
Chromatographic separations account for a large share in the costs of the production 
of pharmaceutical proteins, therefore it is desirable to keep these costs to a 
minimum. Designing cost-effective separation processes requires knowledge and 
understanding of the equilibrium and the kinetics of the adsorption. In a previous 
paper (Bosma and Wesselingh, 1998) we reported  results of batch adsorption 
equilibrium experiments with bovine serum albumin adsorbing on Q-sepharose FF. 
Here we report the results of measurements of the adsorption equilibrium with 
column experiments with the same system. The new experiments were carried out at 
higher ionic strengths and consequently only the initial slopes of the isotherms were 
measured. The results are discussed and compared with a number of models that are 
proposed in the literature.  
 

Theory  
There are many models available for the description of the adsorption equilibrium of 
proteins on ion exchangers. Two different types can be distinguished, first principle 
models, based on a solution of the Poisson Boltzmann equation and empirical 
models. The first principle models describe the adsorption of a single protein, they 
do not include the effect of the protein concentration but they do include all the 
other effects. The empirical models usually describe only the effect of the protein 
concentration although some include the effect of the ionic strength and the protein 
charge. These two types of models will now be discussed.  

 
 

Models that describe the shape of the isotherm 
The shape of the isotherm is determined by the dependence of the adsorbed protein 
concentration on the unadsorbed protein concentration. The classical example is the 
Langmuir isotherm (see e.g. Bellot and Condoret, 1993). There is a problem with the 
Langmuir isotherm: when protein adsorption equilibria are fitted with it the fitted 
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adsorption capacity (the maximum amount of protein that can be adsorbed) 
increases with increasing binding strength (Karst Lewus and Carta, 1999). This is 
caused by the fact that the shape of the isotherm is wrong. 

The most popular model is the mass action model (Kopaciewicz et al., 1983, 
Brooks and Cramer, 1992). This model describes the shape of the isotherm better 
and it also describes the dependence on the ionic strength.  In this model it is 
assumed that adsorption is an exchange reaction between a free protein and a certain 
number of adsorbed small ions. This gives rise to the following equilibrium 
equation: 
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Here K is the equilibrium constant, zb,app is the apparent binding charge, c and q are 
the unadsorbed and adsorbed concentrations, qmax,P is the protein adsorption capacity 
of the ion exchanger and subscripts P and S refer to the protein and the salt ions.  

Recently Bosma and Wesselingh (submitted, a) proposed a new isotherm with a 
more solid fundamental basis than the mass action isotherm: the available area 
isotherm. This isotherm takes the effect of the size of the proteins into account. It is 
assumed that the proteins adsorb at a random position on the adsorption surface. 
This creates holes between the proteins. Some of these holes are too small for 
additional proteins to adsorb and some are large enough to be available. When more 
and more proteins adsorb the available area for new proteins decreases more than 
linearly (i.e. faster than qmax,P-qP decreases) because more and more of the small type 
of holes are formed. The isotherm equation is complicated but it can be 
approximated by: 

4

max,

max,







−

=
PP

P

P

P

qq

q

q

c
K  (2) 

The available area isotherm can be combined with the mass action model or a 
first principle model by using the equilibrium coefficient at infinite dilution from 
these models.  

 
 

Models for the equilibrium coefficient 
The adsorption equilibrium depends on electrostatic and non-electrostatic 
interactions as discussed by Ståhlberg et al. (1992) and Roth and Lenhoff (1993). 
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We will assume that the equilibrium coefficient can be written as the product of the 
electrostatic and the non-electrostatic equilibrium coefficient: 

.... senonse KKK −=  (3) 

Strictly this is only true if the binding distance between the protein and the 
surface is independent of the binding strength. We will use the non-electrostatic part 
as a fitting parameter. In the rest of this paragraph we discuss various models for the 
electrostatic equilibrium coefficient. 

In a previous paper (Bosma and Wesselingh, 1998) we presented an extension of 
the mass action model, incorporating the effect of the protein charge. The results of 
batch adsorption equilibrium experiments with Bovine Serum Albumin (BSA) 
adsorbing on Q-sepharose could be explained very well by this model. This model 
can be incorporated into the present model (the available area model, eq. 2) by 
splitting the electrostatic equilibrium coefficient into a contribution by energetic 
interactions and a contribution by entropic interactions. The energetic contribution 
can be found by calculating how much electrical energy it will cost to remove the 
small ions from the surface of the ion exchanger and bring the protein to the surface. 
The entropic contribution is modeled with the mass action model. The following 
equations are found:  
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Here ψ is a shape factor, Ze.k. is the dimensionless electrokinetic charge, zP is the 
charge of the protein, rP and rIEX are the radii of the protein and the ion exchange 
group, zb is the binding charge of the protein and qS is the locally adsorbed salt 
concentration. The locally adsorbed salt concentration is experienced by an 
adsorbing protein after it has found a hole in the layer of adsorbed proteins that is 
large enough to accommodate it. This salt concentration is independent of the 
concentration of already adsorbed proteins. The exact value of this salt concentration 
is unknown but we can choose an arbitrary value (we choose 1 kmol/m3) because 
any change will be compensated by the non-electrostatic equilibrium coefficient, 
that we fit. Note that the binding charge, zb, in equation 4 is the binding charge of 
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the protein; if the ion exchanger surface is positively charged the binding charge is 
negative and vice versa. It is assumed that the binding charge is independent of the 
protein charge. The dimensionless electrokinetic charge, Ze.k., is the ratio of the 
apparent charge of a protein in electrophoresis and the actual charge of the protein. 
The apparent charge is smaller because a part of the electrical double layer of the 
protein moves with it. The parameter can be approximated by: 
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Here κ is the Debije parameter and I is the ionic strength. The equations given here 
(eq. 4 and 5) are slightly different from those given earlier (Bosma and Wesselingh, 
1998) because we use the available area isotherm. The main difference is that in the 
old model the shape of the isotherm and the ionic strength dependence both depend 
on the same parameter (zb) while in the new model the shape is constant.  

First principle models for the electrostatic equilibrium coefficient rely on a 
solution of the Poisson Boltzmann equation. Since this equation is hard to solve it is 
usually linearized and it is assumed that the ion exchanger surface has a uniform 
charge density. Sometimes some  additional assumptions are made, e.g. an 
assumption about the equilibrium distance from the surface during adsorption. Roth 
and Lenhoff (1993) present numerical solutions for the adsorption of lysozyme on a 
model surface. An interesting result is that assuming that the protein is a sphere with 
a uniform charge distribution gave almost the same result as with the exact protein 
shape. Roush et al. (1994) present numerical solutions for the adsorption of rat 
cytochrome b5 on a model surface with discrete ion exchanger groups. Roth et al. 
(1996) present an analytical solution of the linearized Poisson Boltzmann equation. 
It is given by: 
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Here σIEX is the surface charge density of the ion exchanger surface. Note that the 
equilibrium coefficient has units of meter because in this model the adsorbed protein 
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concentration (in mol/m2) is calculated by integrating the excess protein 
concentration (in mol/m3) over the distance from the surface. Note also that if the 
surfaces are oppositely charged the term between the inner brackets is positive. 
Equation 6 is only valid when the protein and the ion exchanger surface are 
oppositely charged. According to the authors other limitations can be assessed by its 
application to the description of experimental data. The equation could predict the 
differences in retention behavior between some proteins. 

Ståhlberg et al. (1991) also give an analytical solution of the linearized Poisson 
Boltzmann equation. They call this the slab model. According to the slab model the 
electrostatic equilibrium coefficient is given by: 
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Here σP is the surface charge density of the protein and aP the interacting protein 
surface per protein: it is assumed that half of the protein surface interacts with the 
ion exchanger surface. The equation is only valid when the protein and the ion 
exchanger surface are oppositely charged and the charge density of the ion 
exchanger surface is much higher than that of the protein. Ståhlberg and Jönsson 
(1996) extended this model to include the effect of charge regulation. Charge 
regulation implies that the net charge of the adsorbed protein is different from that in 
free solution. 

Jönsson and Ståhlberg (1999) give an analytical solution of the non-linearized 
Poisson Boltzmann equation for high ionic strengths (1/κ<<rP) and oppositely 
charged surfaces with the surface charge density of the adsorption surface much 
higher than that of the protein: 
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The retention of lysozyme at three pHs and at ionic strengths between 100 and 200 
mM was well described by this model.  
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Experimental  
Pulse response experiments were performed with pulses of Bovine Serum Album 
(BSA) on a 21 ml, 16 mm internal diameter column filled with Q-Sepharose FF 
(obtained from Pharmacia Upjohn). Pulses of 0.5 ml were injected, the flow rate was 
1 ml/min and the protein concentration at the outlet of the column was measured 
with a UV meter at 280 Å.  

Table I gives some characteristics of the materials that were used. The 
estimation of the fiber radius in Q-Sepharose is based on its steric exclusion 
behavior (Bosma and Wesselingh, 2000). In the estimation of the surface charge 
density actually the surface average fiber radius should be used and this and 
consequently the surface charge density are possibly somewhat lower than the 
estimate. 

 
Table I Some characteristics of the experimental system 

Molecular mass of BSA 66.7 kg/mol 
Radius of BSA based on sphere shape 2.7 nm 
Estimated surface charge density of BSA (zP=10) 0.01 C/m2 
Fiber holdup in Q-Sepharose 6 % vol. 
Estimated fiber radius in Q-Sepharose 2.2 nm 
Estimated surface charge density of Q-Sepharose 0.4 C/m2 

 
The experiments were performed in acetate/acetic acid and tris/hydrochloric 

acid buffers at pHs between 4 and 9 and at each pH value at ionic strengths around 
the ionic strength at which the capacity factor was 1. The capacity factor, k’, was 
obtained with: 
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Here tR is the breakthrough time of the top of a peak and tR,0 is the breakthrough time 
of the top of a peak under non-binding conditions (i.e. at 1M ionic strength). The 
experiments were performed at 25 oC.  

In order to interpret the results the charge of BSA was calculated based on data 
from the literature. The titration curve has been measured by Tanford et al. (1955) 
and yields an expression for the binding of hydrogen ions on BSA. Binding of small 
anions on BSA is assumed to be identical to that on HSA. For the binding of 
chloride ions on HSA, isotherms obtained by Scatchard and Yap (1964) are used. 
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No acetate binding isotherms are known, but the experimental results are most 
consistent when we assume that the protein binds acetate equally strong as chloride.  

 

Results and Discussion 
During the column experiments the adsorbed concentration is always low because 
the capacity factor is around 1. With equation 10 the apparent binding charge can be 
determined. At low adsorbed protein concentration the first proportionality in 
equation 10 follows from a mass balance and the second from equation 1.  
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The apparent binding charge follows from a log-log plot of k’ vs. the salt 
concentration. An example is given in figure 1.  
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Figure 1 Dependence of the retention on the acetate concentration at 
pH 5.64 

 
Figure 2 shows the apparent binding charges that were measured versus the 

protein charge at the ionic strength at which the capacity factor is unity. Note that 
the apparent binding charge is not necessarily equal to the binding charge in 
equation 4 because a change in ionic strength also affects the binding strength of the 
protein by changing the charge of the protein. Figure 2 shows that at high protein 
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charges the apparent binding charge is approximately proportional to the protein 
charge. Figure 3 shows the ionic strength at which the capacity factor is unity versus 
the protein charge at that ionic strength. 

The models mentioned in the theory section were fitted to the experimental data. 
The best-fit parameters are shown in table II. The results with the models are shown 
in figures 2 and 3. The lines shown in the figures are straight lines between the 
points calculated for each set of experiments. The points in figure 2 are calculated at 
the ionic strength of the measurements, not at the ionic strength at which the model 
predicts k’ to be unity. The points in figure 3 were obtained by plotting the model 
predictions as in figure 1 and then doing a linear extrapolation. The results with eq. 
7 were all outside the range of figure 3. Retention experiments were also performed 
at a protein charge of about 10. Because the pH was not the same in these 
experiments (due to the low ionic strength) the experimental points for figures 2 and 
3 could not be determined. However, the retention times calculated with our model 
(eq. 4) agreed very well with the measured retention times. 

Figures 2 and 3 show that our model (eq. 4) describes the experimental results 
best. This is not surprising because our model has the most fit parameters. Some 
interesting points can be mentioned: 
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Figure 2 Apparent binding charges (the absolute slope in fig. 1) vs. 
protein charge (at k’ = 1) 
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Figure 3 Ionic strengths at which k’ = 1 vs. protein charge (at k’ = 1) 

 
Table II Fitted parameters 

 eq. 4 eq. 6 eq. 7 eq. 8 
ln(Knon-e.s .) -12.0 16.1 11.2 -2.1 
σIEX [C/m2]  0.056   
ψ  1.4    
zb -5    
 

Although a constant binding charge is assumed in the model, the apparent 
binding charge varies as in the measurements; this is possible because the apparent 
binding charge depends also on the ionic strength dependence of the protein charge, 

Although the model was set up for a protein and an ion exchanger with opposite 
charges it also works well when they have charges of the same sign. 

The fitted shape factor is close to unity.   
The second best model is the model by Roth et al. (1996) (eq. 6), with two fit 

parameters. The surface charge density of the ion exchanger fitted with this model is 
somewhat smaller than our estimate (see table I) but this can be explained by the 
fact that we overestimated the surface average fiber radius. For low protein charges 
the model becomes worse. 

For our experimental system the models by Ståhlberg et al. (1991) (eq. 7) and 
Jönsson and Ståhlberg (1999) (eq. 8) do not work well. The problem is probably that 
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the charge densities of the two surfaces are too close together. The models are only 
applicable when the absolute surface charge density of the protein is much smaller 
than that of the ion exchanger. If it is the other way around equations 7 and 8 can be 
used with σP replaced by σIEX. We evaluated these equations and found that the 
fitted surface charge density is approximately 0.023 C/m2 in both cases. This value 
is only a rough indication of the surface charge density since these equations predict 
wrong trends. This estimation of the surface charge density is of the same order as 
the surface charge density of the protein (see table I) and consequently the models 
are not valid. The results of Cai et al. (1995) show that the model by Ståhlberg et al. 
(1991) does work well if the surface charge density of the ion exchanger is small. 
The linear relation between ln(k’) and I-0.5 is often used as an argument in favor of 
the models by Ståhlberg et al. (1991) and Jönsson and Ståhlberg (1999). However 
this argument is somewhat dubious since it neglects the ionic strength dependence of 
the protein charge and its effect on this relation. 

The only model that still works when the protein and the surface are both 
positively charged is also the only model that incorporates the idea of a binding area 
and charge. All the other models assume a uniform charge distribution. Even if the 
protein has a uniform charge distribution while it is in solution it might still have a 
binding charge when it is adsorbed. With the charge regulation idea of Ståhlberg and 
Jönsson (1996) this can be explained as an induced binding charge. The induced 
binding charge idea explains that our model still works when both surfaces are 
positively charged.   
Figures 4 and 5 show how well the two best models, with the best fit parameters 
from the column experiments, predict the results of batch adsorption experiments 
(Bosma and Wesselingh, 1998). In the calculations we used equation 2 with a fitted 
protein adsorption capacity of 86 g/L sedimented bed. Considering the orders of 
magnitude over which the equilibrium constants can vary the predictions are quite 
good. Since the data in figures 4 and 5 differ from that in figures 2 and 3 in the ionic 
strength at which they were determined, this shows that the models are valid over a 
range of ionic strengths.   

Finally we want to include an observation about the usual assumption that the 
ion exchanger has a uniform surface charge density. This would mean that surface 
diffusion of adsorbed protein is easy because the protein encounters as little 
resistance as a skater on ice. Kinetic experiments with the BSA – Q-Sepharose FF 
system (Bosma and Wesselingh, submitted, b) show, however, that the activation 
free energy for surface diffusion is 30 percent of the binding free energy. This 
implies  that  the binding  free energy is not  uniform over the ion exchanger  surface  
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Figure 4 Comparison of the models by Roth et al. (1996) (eq. 6) and 
Bosma and Wesselingh (1998) (eq. 4) with experimental results in 
acetate buffer from Bosma and Wesselingh (1998)  
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Figure 5 Comparison of the models by Roth et al. (1996) (eq. 6) and 
Bosma and Wesselingh (1998) (eq. 4) with experimental results in tris 
buffer from Bosma and Wesselingh (1998)  
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and that the assumption of a uniform charge distribution is wrong. However the 
assumption is useful for obtaining analytical equations. 

 

Conclusions 
The pH and ionic strength dependence of the adsorption of BSA on Q-Sepharose FF 
was measured and the measurements were compared with model predictions. It was 
found that at high (negative) protein charges the apparent binding charge is 
approximately proportional to the charge of the protein. The models by Roth et al. 
(1996) and Bosma and Wesselingh (1998) could accurately reproduce this trend. At 
small and positive protein charges the second model also worked well. A 
comparison with experimental results at lower ionic strengths shows that these 
models are valid over a wide range of ionic strengths. The models by Ståhlberg et al. 
(1991) and Jönsson and Ståhlberg (1999) have the drawback that they are only valid 
when either of the surfaces has a much lower charge density than the other; for our 
model system this was not the case. 

 

Symbols 
aP interacting protein surface m2/molecule 
c unadsorbed concentration mol/m3, g/L 
∆h enthalpy of interaction J/mol 
e elementary charge 1.602 10-19 C 
ε0 dielectric permittivity of vacuum 8.85 10-12 C2/J m 
εr relative dielectric permittivity of solvent 78.4 for water 
ψ shape factor - 
F Faraday constant 96485 C/mol 
I ionic strength mol/m3 
k Boltzmann constant 1.38 10-23 J/K 
k’ capacity factor - 
K equilibrium constant - 
κ Debije parameter m-1 
Nav Avogadro number 6.022 1023 mol-1 
q adsorbed concentration mol/m3, g/L 
qmax,P protein adsorption capacity g/L 
R gas constant 8.314 J/mol K 
r radius m 
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σ surface charge density C/m2 
T temperature K 
tR retention time s 
tR,0 retention time under non-binding conditions s 
zP protein charge - 
zb binding charge - 
zb,app apparent binding charge - 
Ze.k. dimensionless electrokinetic charge - 
Subscripts   
e.s. electrostatic   
IEX ion exchanger  
P protein  
S salt  
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