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Abstract 
The kinetics of the adsorption of the protein BSA on the ion exchanger Q-sepharose 
FF were measured for several values of the pH and ionic strength, using several 
techniques. The measurements were best described with a model incorporating both 
surface and pore diffusion and with the chemical potential gradient as the driving 
force for diffusion. The surface diffusion coefficients from this model show an 
inverse exponential dependency on the binding strength of the protein on the ion 
exchanger. This dependency can be explained by an activated jump mechanism. The 
pore diffusion coefficient is much lower than that in free solution: this is probably 
caused by a combination of steric and electric exclusion. 
 

Introduction 
Ion exchange chromatography is widely used for the purification of proteins. In this 
process the adsorption kinetics are usually rate limiting: they control the sharpness 
of peaks and breakthrough curves. It is of interest to investigate the mechanism of 
the adsorption kinetics because better models can lead to faster design, optimization 
and scale up of chromatographic processes. 

Recently various articles have been published on this subject. Habbaba and 
Ülgen (1997) present relatively simple models; Yoshida et al. (1994) use more 
sophisticated models and show that both pore diffusion and surface diffusion play a 
role. Karst Lewus and Carta (1999) consider the kinetics of competitive adsorption 
of two proteins.  

In this article we present measurements of the adsorption kinetics of a protein on 
an ion exchanger at various pH and ionic strength. We investigate the kinetic 
mechanisms of the adsorption and we demonstrate how well it can be described by 
various diffusion models. 

 

Theory 

 
Adsorption kinetics models 

When proteins adsorb two processes can be responsible for the limitation of the 
adsorption rate: slow diffusion and slow adsorption kinetics. The kinetics of the 
actual adsorption may be slow because sometimes a protein has to rearrange its 
three-dimensional structure in order to adsorb. For our model system we assumed 
that the adsorption is instantaneous. We have two reasons for this: 
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• We found earlier (Bosma and Wesselingh, 1998) that the adsorption equilibrium 
depends mainly on electrical forces, these are instantaneous, 

• Molecular spreading of proteins may occur on hydrophobic surfaces because the 
groups inside a protein are attracted to a hydrophobic surface. The surface of the 
ion exchanger that we used however is strongly hydrophilic. 
Therefore we describe the adsorption with diffusion up to the phase boundary, 

the pore wall, and assume equilibrium at this boundary. Diffusion up to the pore 
wall, at some position inside the particle, can be divided into two contributions: 
• Diffusion from (at the most) the center of the pore to the pore wall. Since this 

distance is very small we assumed local adsorption equilibrium in the pores, 
• Diffusion toward and away from the center of the particle. We include this in the 

models.  
We believe that this is fundamentally the best way of describing the adsorption 
kinetics. 

Below we present two models for the description of finite bath adsorption 
experiments: the homogeneous model and the two phase diffusion (TPD) model. In 
both models we consider only the diffusion of the protein and we assume that small 
ions diffuse rapidly and do not influence the transport of the proteins. In both 
models we calculate the protein concentration profile inside the particle.   

The mass balance outside the particle gives: 
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where c is the protein concentration in the bulk liquid, q is the protein concentration 

in the particle phase, q  is the average of q, εparticle is the particle holdup, a is the 
particle surface per particle volume, cp,R is the concentration in the pores at the 
surface of the particle,  D is the diffusion coefficient in liquid and δl is the liquid 
film thickness. According to Calderbank and Moo-Young (1961) there are two mass 
transfer regimes, one in which the mass transfer is controlled by the sedimentation 
rate of the particles and one in which severe turbulence causes the mass transfer to 
be faster. We performed our experiments in the first regime and the thickness of the 
mass transfer film is given by: 
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where µ is the viscosity, ∆ρ is the density difference and g is the acceleration of 
gravity.  

The mass balance inside the particle gives: 
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In the homogeneous model we assume that the particle is homogeneous and that 
the effective diffusion coefficient is independent of the concentration. In the two 
phase diffusion (TPD) model we assume that two transport processes occur in 
parallel: diffusion of unadsorbed proteins in the pores and diffusion of adsorbed 
proteins at the surface. We assume that there is local adsorption equilibrium in the 
pores. The total adsorbed concentration, q, is the sum of the concentration in the 
pore, cp, and the real adsorbed concentration at the surface, the pore wall, qs: 

spp qcq += ε  (4) 

where εp is the pore holdup. The driving force for diffusion is the chemical potential 
gradient. Since we assume that the activity coefficient in the pores is independent of 
the (low) concentration, the diffusion in the pores can be described by Fick’s law. 
The flux through the pores then becomes:  

φp p
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At the walls the driving force is the same since we assume that there is local 
adsorption equilibrium. Thus the expression for the diffusional flux at the walls 
becomes: 
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This approach is better than assuming that Fick’s law can also be used at the 
surface as is shown for the surface diffusion of alkanes by Kapteijn et al. (1995). 
Our approach is a simplification of the Maxwell Stefan approach (see Wesselingh 
and Krishna, 1990). 

For the total flux we have: 

dr

dq
Deffspp =+= φφεφ

 
(7) 
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An expression for the effective diffusion coefficient, Deff, can be derived from 
equations 4 to 7: 
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For the application of this model a model describing the equilibrium is needed. 
This model is also used in the homogeneous model to describe the equilibrium at the 
surface of the particle. In a previous study of the adsorption equilibrium we found 
that the Steric Mass Action (SMA) Model describes the equilibrium well (Bosma 
and Wesselingh, 1998). In this model it is assumed that the adsorption is an 
exchange reaction of a protein with a number of small ions. The equilibrium 
coefficient depends on the pH through the charge of the protein, as described by 
Bosma and Wesselingh (1998). The results are summarized in figures 1 and 2. 
Figure 1 shows some examples of adsorption isotherms, they all have the same 
shape but different binding strengths. This binding strength depends on the pH and 
the ionic strength. A convenient way of combining the effect of pH and ionic 
strength is defining the half concentration. This is the protein concentration in the 
liquid at which the adsorbed concentration is half of the adsorption capacity (see 
also figure 1). In figure 2 the dependence of the half concentration on the pH and the 
ionic strength is plotted. With the half concentration it is possible to plot the effect 
of pH and ionic strength on the kinetics in one graph. We found that the half 
concentration depends on the free energy of adsorption via an Arrhenius type 
equation: 

RT
halfhalf

adsecc µ∆−= 0,  (9) 

Apart from the two models presented above we tested many other models. We 
will not give exact results obtained with these models but in our discussion we will 
sometimes mention results obtained with them. 
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Figure 1 Isotherms of BSA binding on Q-sepharose FF at various half 
concentrations; the dotted lines illustrate the physical meaning of the 
half concentration for the middle isotherm.  
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Figure 2 A plot with isoadsorption lines giving the effect of pH and 
ionic strength on the half concentration of BSA binding on Q-Sepharose 
FF  
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Experimental 

 
Materials 
All experiments were performed with bovine serum albumin (BSA) obtained from 
Boehringer Mannheim and Q-sepharose FF obtained from Pharmacia Upjohn.  

 
Batch adsorption experiments 
The experimental setup is shown in figure 3. Batch adsorption experiments of BSA 
adsorbing to Q-sepharose FF in acetate buffers were performed in 250 ml flasks, 
stirred at 200 rpm. By pumping the solution through a UV adsorption meter (λ=280 
nm) and a pH meter these parameters were continuously monitored. During an 
experiment the flask was first filled with 140 ml of a protein solution in the 
appropriate acetate/acetic acid buffer. After that a known amount of ion exchanger, 
suspended in water, was added. This was 5 to 7 ml (sedimented bed volume) of ion 
exchanger in a total amount of 10 ml. After adding the ion exchanger the UV 
adsorption and the pH were continuously monitored for one to five hours. Also some 
adsorption-desorption experiments were performed, in which after a certain 
adsorption time a salt solution was added to induce desorption.  

The conditions of the experiments were: pH between 4.5 and 6.3, ionic strength 
between 1 and 100 mM and BSA concentration at the start between 2 and 20 g/l. 

Some experiments were performed at lower and higher stirrer speeds and it 
turned out that at speeds above 200 rpm adsorption was not accelerated. Also some 
experiments were performed in which a certain amount of water (instead of water 
with ion exchanger) was added to a protein solution in order to measure how fast a 
concentration change was measured by the UV meter. The measured concentration 
approached the real one exponentially with a half time of 14 seconds. To account for 
this in comparing the measured results with the calculated results the following 
transformation was applied to the calculated results: 
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   Figure 3    Experimental setup for the batch adsorption experiments 

 

Confocal microscopy experiments 
A few experiments were performed with confocal microscopy. This technique 
measures concentration profiles inside a particle. A confocal microscope can focus 
on a thin slice of a transparent object. In this slice it measures the light intensity at a 
certain wavelength. In our experiments we used BSA that was dyed with Cy-2 
fluorescent dye (obtained from Pharmacia Upjohn). A laser beam, at 488 nm, was 
used to excite the dye and the emitted light intensity at 515 nm was measured.  

In an experiment we first made solutions of the dyed protein and dilute 
suspensions of the ion exchanger in the appropriate buffers. Then we put a small 
amount of the ion exchanger suspension on the object glass, removed most of the 
excess liquid by adsorbing it with a paper tissue, added the protein solution and put a 
glass protection over it. Finally we put the assembly under the microscope and 
measured the concentration profile during a certain time. The microscope was an 
ODYSSEY real time laser confocal microscope from Noran Instruments. Its 
software can save the measured intensities with a very high frequency, however it 
can only save the average concentrations in eight regions. We chose to monitor the 
average concentrations in a row of squares ranging from the center of a particle to 
the edge or a little bit further out.  

The result is the development of a light intensity profile in the particle during a 
certain period. To obtain the concentration profile we assumed a linear dependence 
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between the concentration and the light intensity. Because we could not calibrate the 
system the results can only be used in a qualitative way. 

 

Solution of the models 
The two models were solved on the computer. For the TPD model we calculated the 
effective diffusion coefficient as a function of the concentration in the particle, q, 
using eq. 8. The homogeneous model and the TPD model were solved by calculating 
the concentrations at 50 discrete points inside the particle.  

In our calculations we used: 
• a protein adsorption capacity of 150 g/l, based on the particle volume,  
• a binding charge of 4.3, 
• a pore holdup in the particle, εp, of 0.52, which equals the partition coefficient of 

the protein at very high ionic strength,  
• a particle diameter of 95 µm, 
• a liquid side film thickness of 14 µm (calculated with equation 2). 
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Figure 4 An example of an adsorption curve at a starting 
concentration of 2 g/l (exp. # 10). Broken lines: TPD model; solid lines: 
homogeneous model; 
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Results  
The parameters in the batch adsorption experiments are summarized in the table in 
the appendix. Two examples of the results of batch adsorption experiments are given 
in figures 4 and 5. Figure 6 shows the diffusion coefficients that were fitted as a 
function of the binding strength for the two models. The correlation coefficients that 
were calculated for each model from the data in figure 6 and for two other models 
are given in table I. In the TPD model two diffusion coefficients have to be fitted: 
we assumed that the pore diffusion coefficient is constant during all the experiments 
and fitted the surface diffusion coefficient. The correlation coefficients that were 
calculated for various pore diffusion coefficients are given in figure 7. A value for 
the pore diffusion coefficient of 9 ⋅ 10-13 m2/s gave the best correlation, but the 
uncertainty in this value is quite large.  

Two examples of the results of batch adsorption desorption experiments are 
given in figures 8 and 9. The lines of the homogeneous model were calculated by 
fitting the effective diffusion coefficient. The lines of the TPD model were 
calculated with the surface diffusion coefficient according to the equation in table I 
and with a pore diffusion coefficient of 2 ⋅ 10-11 m2/s. For lower pore diffusion 
coefficients the agreement with experiment becomes much poorer. With the fitted 
pore diffusion coefficient the agreement is still not very good but the curvatures of 
the concentration histories just before the maximum of the measured and calculated 
curves show the best agreement. There is probably still a large uncertainty in this 
pore diffusion coefficient. 
Figures 10 through 12 give some examples of the calculated concentration profiles 
in a particle at various binding strengths and the concentration profiles that were 
measured with confocal microscopy under the same conditions. 

 
Table I Fitted straight lines in figure 6 according to D = D0 ·  chalf

p N.B. the 
D’s in the homogeneous model are effective diffusion coefficients, while 
those for the other models are surface diffusion coefficients. 

model D0 [m2/s] P R2 

Homogeneous 3.36 ·  10-13 0.171 0.85 
Homogeneous 2.18 ·  10-13 ·  1.051C0  0.248-0.0072 c0 0.928 

TPD 7.81 ·  10-14 0.346 0.963 
LDF 2.14 ·  10-14 0.556 0.981 
HSD 8.47 ·  10-14 0.370 0.945 
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Figure 5 An example of an adsorption curve at a starting 
concentration of 10 g/l (exp. # 4). Broken lines: TPD model; solid lines: 
homogeneous model; 

 

Discussion 
This discussion will be quite extensive. We start with a comparison of the two 
models and their results in four ways. The TPD model will turn out to be the best 
model and we discuss the mechanisms of the pore and the surface diffusion and their 
relative importance. Finally we discuss some shortcomings in the TPD model. 

 
Comparing the models 
The models can be evaluated in four ways.  

First we can compare the predicted histories of the protein concentration in the 
stirred tank with the measurements; this is done in figures 4 and 5. Both models give 
results that are quite similar to the measurements. The difference between the 
models and the measurements can also be explained by the effect of the particle size 
distribution. We found that when a particle size distribution is included in a model 
initially the adsorption will be faster (due to the higher particle surface) but at the 
end the adsorption will be slower (due to the large particles). So based on the 
concentration histories we cannot draw any conclusions.  
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The second way to compare the models is by evaluating the correlation between 
the calculated diffusion coefficients and the binding strength. This is done in figure 
6 and table I. The homogeneous model gives some correlation  but it is not very 
good. However if we introduce a dependence of the diffusion coefficient on the 
starting concentration we find a better correlation (see table I). The best correlation 
is given by the TPD model, it shows a surface diffusion coefficient that decreases 
sharply with the half concentration.  
The third way to compare the models is to compare the predicted concentration 
histories of the adsorption-desorption experiments with the measurements. This is 
done in figures 8 and 9. These show that addition of a salt solution causes rapid 
desorption followed by a small re-adsorption. In our calculations the homogeneous 
model never predicts re-adsorption. The TPD model can predict re-adsorption, but 
the predicted maximum in the adsorption curve is much lower than that measured.  
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Figure 6 Calculated diffusion coefficients according to the models vs. 
the half concentration. For the TPD model (filled symbols) these are 
surface diffusion coefficients, for the homogeneous model (open 
symbols) effective diffusion coefficients. Approximate average protein 
concentration: �: 2 g/l, ¿ : 5 g/l, n : 10 g/l, g : 15 or 20 g/l. 
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The fourth way to compare the models is with the results of the confocal 
microscopy experiments. Figures 10 through 12 show some concentration profiles 
inside the particle during the adsorption that were calculated with the homogeneous 
and the TPD model. The TPD model predicts that: 
• the concentration profiles have an inflexion point, where the concentration 

gradient has a maximum and 
• the concentration gradient at the inflexion point increases sharply with 

increasing binding strength.  
The homogeneous model predicts concentration profiles that are practically 
independent of the binding strength. In figures 10 through 12 one sees that the 
effects that the TPD model predicts are also measured. This means that the TPD 
model is better. However the sharpness of the measured concentration profiles is 
less than that of the calculated profiles. There are explanations for this and we will 
discuss them below. Quantitatively the homogeneous model seems quite good too, 
however the qualitative differences with the measurements can not be explained and 
it is also hard to explain why the measured profiles can be steeper then the 
calculated ones.  

Overall we conclude that the TPD model is the best model. 
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Figure 7 R2 of the relation between the half concentration and the 
surface diffusion coefficient at various assumed pore diffusion 
coefficients in the TPD model 
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Figure 8 An example of an adsorption-desorption curve at a starting 
concentration of 2 g/l. Broken lines: TPD model; solid lines: 
homogeneous model; 

 

Other possible models 
We just concluded that the TPD model is the best, however in some cases this may 
not be true. For example when a column process is described numerically the 
calculation of an exact concentration profile inside the particle may be too time-
consuming. A simpler model that only considers one (possibly lumped) transfer 
resistance between the liquid and the particle phase may be better. The question is: 
what is the best ‘simple’ model?  

We found that the best model that does not calculate the concentration profile 
inside the particle is a linear driving force model with the chemical potential 
difference as the driving force for diffusion. As in equation 6 a factor q/c will appear 
in the flux equation. For this factor we use the logarithmic mean of the factor in both 
phases. For the total mass transfer (neglecting the liquid side mass transfer 
resistance) we used: 
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where c(q) is the unadsorbed concentration that would be at equilibrium with the 
adsorbed concentration q and q(c) is the adsorbed concentration that would be in 
equilibrium with the unadsorbed concentration c. At high starting concentrations this 
model predicts the initial adsorption rate somewhat too high and the final adsorption 
rate somewhat too low. At low concentrations this is the other way around. The 
model gives a good correlation between the binding strength and the diffusion 
coefficient (see table I, LDF model).  
Another simplification of the TPD model is leaving the pore diffusion out. This can 
be done by setting the pore holdup in equation 8 at zero. This homogeneous surface 
diffusion model is only slightly worse than the TPD model (see table I, HSD 
model): only for strong binding (low half concentrations) are the surface diffusion 
coefficients somewhat too high. The HSD model gives concentration profiles inside 
the particle that are only slightly less steep than those calculated with the TPD 
model (i.e. the profiles in figures 10 through 12). Therefore the HSD model is an 
excellent alternative for the TPD model if the pore diffusion coefficient is unknown. 
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Figure 9 An example of an adsorption-desorption curve at a starting 
concentration of 10 g/l. Broken lines: TPD model; solid lines: 
homogeneous model; 

 
The surface diffusion mechanism 

In figure 6 it is seen that there is a close relationship between the binding 
strength, represented by the half concentration, and the surface diffusion coefficient. 
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This relationship can be explained by an activated jump mechanism. In order to 
jump from one adsorption site to the next, a protein has to overcome a free energy of 
activation barrier, µa. The mechanism gives rise to an Arrhenius type of dependence: 

D D es s
RTa= −

,0
µ  (12) 

It is reasonable to assume that the activation free energy will be proportional to 
the free energy change of adsorption. This free energy change contains both the 
electrical adsorption energy and an entropic contribution of the salt concentration in 
the bulk liquid. With equation 9 it then follows that there should be a linear 
relationship between the logarithm of the surface diffusion coefficient and the 
logarithm of the half concentration. From figure 6 we derive that the activation free 
energy is 34 percent of the free energy of adsorption. 

The value of the unimpeded diffusion coefficient, Ds,0, should approximately be 
equal to the value given by the Einstein equation: uλ/4, in which λ is the jump 
length and u is the thermal velocity. The thermal velocity is approximately given by: 

u
RT

M
≈

3
 (13) 
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Figure 10 Concentration profiles in the particle during adsorption after 
3000 seconds at chalf = 6.3 • 10-6. Broken lines: TPD model; solid lines: 
homogeneous model; squares: measurements.  
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Figure 11 Concentration profiles in the particle during adsorption after 
679 seconds at chalf = 0.13. Broken lines: TPD model; solid lines: 
homogeneous model; squares: measurements.  
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Figure 12 Concentration profiles in the particle during adsorption after 
250 seconds at chalf = 720. Broken lines: TPD model; solid lines: 
homogeneous model; squares: measurements.  
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With figure 6 and our previous results (Bosma and Wesselingh, 1998) we find a 

jump length of 4 pm. Although there are many more ion exchange groups than 
necessary for binding (see Bosma and Wesselingh, 1998), it is unrealistic to assume 
that the adsorption sites are so close together. An adsorption site is a site where the 
binding sites (ionic groups) of the protein and the ion exchanger fit together; these 
sites probably overlap. We think that the adsorption sites are about one hundred 
times further apart and that the short jump length that we calculated is caused by the 
fact that only about one percent of the activated jumps is successful. 

 

The electrical exclusion effect 
Electrical exclusion  affects the unadsorbed protein concentration in the pores. 
Therefore we  include some estimations in this paragraph.  

Column measurements have shown that at very low ionic strengths (<0.1 
mmol/L) salts are excluded from Q-sepharose FF. At slightly higher ionic strengths 
the exclusion is not as strong as would be predicted when the ion exchanger is 
considered as an electrically uniform phase. Electrical exclusion only plays a role in 
a region close to the fibers. At very low ionic strength however this region will 
include the whole pore and the ion exchanger will behave as an electrically uniform 
phase.  

For proteins electrical exclusion may play a role already at a higher ionic 
strengths because proteins are larger and have much higher charges than salt ions.  
Under weak binding conditions pore diffusion is unimportant and we cannot draw 
any conclusions concerning electrical exclusion from our experiments. Under strong 
binding conditions pore diffusion is important, but, as can be seen in figure 7, there 
is a large uncertainty in the pore diffusion coefficient and we cannot draw any 
conclusions either. However, for reasons discussed in the next paragraph, we believe 
that electrical exclusion is important. 

 

Pore diffusion coefficient 
In the TPD model we had to fit the pore diffusion coefficient. We assumed that it 
has the same value in each experiment and calculated the correlation coefficient, R2, 
for the relation between the binding strength and the surface diffusion coefficient (as 
in figure 6). The result is depicted in figure 7; the optimum lies at 9 ·  10-13 m2/s. 
Another way of estimating it is with a shrinking core (SC) model; i.e. a model in 
which irreversible adsorption is assumed and in which diffusion to the center of the 
particle occurs only by unadsorbed proteins. For strong binding the TPD model 
should give the same result as the SC model. The diffusion coefficient found with 
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the SC model at the strongest binding is 6 ·  10-13 m2/s, to compare it with the pore 
diffusion coefficient from the TPD model we have to divide it by the pore holdup 
(0.52); it is seen that they are quite close together. The pore diffusion coefficients 
found with the SC model depend on the binding strength, which suggests that the 
pore diffusion coefficient will depend on some parameter related to the binding 
strength (e.g. the ionic strength). The pore diffusion coefficient that we fitted is not a 
pure diffusion coefficient because both the diffusion coefficient and the partition 
coefficient affect the diffusive flux through the pores. In our model we assumed a 
constant partition coefficient (i.e. we assumed that the pore holdup, εp, is constant). 
The partition constant may however vary due to steric and electric exclusion. 
Therefore the fitted pore diffusion coefficients are actually the product of a real 
diffusion coefficient and a partition coefficient. 

Comparing the fitted pore diffusion coefficient with the diffusion coefficient of 
BSA in liquid (5.9 ·  10-11 m2/s) reveals a retardation factor of 50. Diffusion 
coefficients of BSA in 6 percent Sepharose, a non-binding matrix, have been 
measured by a chromatographic method by Boyer and Hsu (1992); they found a 
retardation factor of only 6. Moussaoui et al. (1992) and Johnson et al. (1995) 
measured them with the FRAP (fluorescence recovery after photobleaching) 
method, they found retardation factors of 2.5 and 2.1 respectively. Under non-
binding conditions we measured a retardation factor of 6 (Bosma and Wesselingh, 
2000). Apparently pore diffusion (and partitioning) is severely hindered by adsorbed 
protein.  

During desorption the retardation factor is only about 3. This is somewhat high 
compared to the data from the literature. One reason for this may be that when 
desorption occurs the protein concentration in the pores becomes so high that the 
activity coefficient becomes larger than one. 

In the TPD model we made the pore diffusion coefficient dependent on the 
adsorbed concentration by varying the retardation factor between 50 at full 
adsorption and 3 at full desorption using various functions. The correlations between 
binding strength and surface diffusion coefficient became much worse. Therefore 
the hindrance of diffusion is  not purely steric. We think that both steric and electric 
factors affect the hindrance of pore diffusion. The maximum steric hindrance (at 
maximum adsorption) is limited to the thickness of the adsorbed protein layer, 
electric exclusion however may easily reach the center of each pore. Therefore we 
believe that electric factors are more important. 

Yoshida et al. (1994) investigated the diffusion of BSA in chitosan ion 
exchangers. They found a pore diffusion coefficient of 2.7 ·  10-11 m2/s with the SC 
model and 1.0 ·  10-11 m2/s with a parallel diffusion model. The pore diffusion 



 

140 Chapter 7 

coefficient in chitosan is higher than that in agarose; apparently chitosan has larger 
pores. 

 

The effective diffusion coefficient 
In figure 13 we have plotted the effective diffusion coefficient vs. the total protein 
concentration (according to equation 8) for three binding strengths. Two limits can 
be distinguished:  
• if there is no binding the effective diffusion coefficient will be equal to the pore 

diffusion coefficient;  
• if the binding is irreversible the effective diffusion coefficient will be zero if the 

surface is not saturated (the surface diffusion coefficient will be zero) and it will 
be equal to the pore diffusion coefficient if the surface is saturated.  
The examples in figure 13 are all between these two limits. One interesting 

aspect of the effective diffusion coefficient for weak binding is that it can become 
bigger than either the surface diffusion coefficient or the pore diffusion coefficient. 
This is caused by the fact that the chemical potential is the real driving force for 
diffusion. 
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Figure 13 Effective diffusion coefficient in the particle as a function of 
the total protein concentration for three half concentrations.  
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The relative importance of the diffusion mechanisms 
Figure 14 shows the surface diffusion flux divided by the total diffusion flux 
according to the TPD model, when the equilibrium is almost reached. It can be seen 
that pore diffusion dominates for strong binding (at low half concentrations) and that 
surface diffusion is dominant for weak binding. Figure 15 also shows that pore 
diffusion dominates at strong binding and also at higher concentrations.  
Although pore diffusion is dominant at strong binding we found with the HSD 
model (see ’other possible models’) that the adsorption kinetics can be approximated 
fairly well with a surface diffusion model, provided that we take the surface 
diffusion coefficient at strong binding somewhat higher. 
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Figure 14 Relative importance of surface diffusion as a function of the 
total protein concentration for three half concentrations.  

 

Differences between the TPD model and the measurements 
In three cases we found differences between the results of the TPD model 
calculations and the experiments: 
• in figure 5 it is seen that the final attainment of equilibrium takes longer than 

predicted, 
• in figures 8 and 9 it is seen that the measured maximums in the bulk 

concentration during the adsorption desorption experiments are much larger than 
the predicted ones and 
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• in figures 10 through 12 it is seen that the measured concentration profiles inside 
the particle are shallower than the predicted ones. 
The second phenomenon can also be noticed in the results of Karst Lewus and 

Carta (1999), who measured the competitive adsorption of two proteins.  
All of these differences may be explained by inhomogeneities in the particle. 

We think that there are faster than average diffusion paths and slower than average 
diffusion paths. The fastest route from the surface of the particle to a certain location 
inside the particle is not necessarily a straight line, but it might go through a location 
closer to the center of the particle than the final location. Maybe the diffusion paths 
can be seen as the trunk, the branches and the needles of a Christmas tree. 

The first difference we mentioned may also be explained by the effect of large 
particles. This difference is not observed at low starting concentrations (see figure 4) 
because the adsorption at the sites that are easy to reach will drain most of the 
proteins out of the liquid phase.  

We are not sure however, whether inhomogeneities inside the particles explain 
the differences entirely. 
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Figure 15 The importance of surface diffusion vs. total diffusion when 
the equilibrium is almost attained. Approximate average protein 
concentration �: 2 g/l, ¿ : 5 g/l, n : 10 g/l, g : 15 or 20 g/l. 
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Conclusions 
A two phase diffusion model can best describe the kinetics of the adsorption of BSA 
to Q-sepharose FF. The effect of the pH and the ionic strength on the diffusion can 
simultaneously be represented by the effect of the binding strength on the diffusion. 
When the binding strength increases the surface diffusion coefficient turns out to 
decrease. This dependence can be described by an activated jump mechanism. The 
pore diffusion flux will also decrease when the binding strength increases because 
the unadsorbed protein concentration in the pores will decrease. The pore diffusion 
is severely hindered by a combination of steric and electric effects. The fact that the 
chemical potential is used as the driving force for diffusion is more important for the 
success of the two phase diffusion model than the fact that it considers two phases. 

We found that in our model system the diffusion decreases sharply with 
increasing binding strength. Karst Lewus and Carta (1999), investigated the 
competitive adsorption of two proteins. One of them (cytochrome c) binds weakly 
and diffuses rapidly and the other (lysozyme) binds strongly and diffuses slowly. 
This indicates that the inverse relation between binding strength and diffusion 
coefficient is not only valid for one protein but that it can be used as a rule of thumb 
when different proteins are compared. There are also other factors that are 
important, such as size, but the binding strength is the most important one.  
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Symbols 

δ Film thickness m 
∆µads Free energy of adsorption J/mol 

ε Volume fraction - 
εp Pore holdup - 

φ Total diffusional flux m/s ·  g/l 
φp Diffusional flux in the pore m/s ·  g/l 
φs Diffusional flux at the surface m/s ·  g/l 
a Interfacial area m-1 
c Concentration in the bulk g/l 
chalf Half concentration (see equation 9) g/l 
cp Concentration in the pore g/l 
cUV Protein concentration measured by the UV meter g/l 
dp Particle diameter m 
Deff Effective diffusion coefficient m2/s 
Dp Pore diffusion coefficient m2/s 
Ds Surface diffusion coefficient m2/s 
M Molar mass kg/mol 
q Total concentration in the particle  g/l particle  
q- Small anion concentration in the bulk M 
qs Adsorbed concentration  g/l particle  
r Radius m 
R2 Correlation coefficient defined by 

( ) ( )( )( )2∑∑∑
- 
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where n is the number of measured pairs x,y. 
t Time s 
T Temperature K 

 

Appendix  
 

Table II Summary of the batch adsorption experiments 

exp. # pH cAc- [mM] c0 [g/l] ceq. [g/l] chalf [g/l] 1013 Dhom [m2/s] 1013 DTPD [m2/s] φs/φ 
1 5.53 100 9.8 9.16 1080 14.9 10.5 0.92 
2 5.60 100 9.8 9.24 1284 15.0 11.0 0.91 
3 5.50 20 9.9 7.82 1.24 4.59 0.970 0.78 
4 5.42 5 9.9 6.38 5.18 • 10-3 2.77 0.279 0.64 
5 4.47 20 10.3 9.02 319 16.0 8.82 0.94 
6 4.96 20 10.4 7.98 9.42 5.90 1.73 0.87 
7 5.51 20 9.9 6.95 0.403 2.59 0.458 0.70 
8 5.35 10 10.0 6.30 0.0343 1.83 0.224 0.61 
9 5.49 50 10.0 7.92 23.5 7.11 2.49 0.90 
10 5.57 20 2.0 0.09 0.168 1.45 0.350 0.97 
11 5.54 20 5.0 2.60 0.272 2.82 0.567 0.89 
12 5.50 20 10.0 7.93 0.480 3.74 0.682 0.76 
13 5.53 20 20.0 14.9 0.0154 8.79 1.02 0.83 
14 4.92 5 2.0 0.01 0.0429 0.717 0.147 0.99 
15 4.88 5 5.0 1.11 0.0353 1.07 0.166 0.83 
16 4.92 5 10.0 6.31 0.0420 1.76 0.224 0.61 
17 4.89 5 15.0 11.5 0.0559 3.57 0.443 0.64 
18 4.78 5 10.0 6.75 0.0654 1.59 0.209 0.61 
19 4.81 10 10.0 7.33 0.773 3.57 0.709 0.81 
20 4.80 50 10.2 9.29 658 8.74 5.42 0.89 
21 5.46 5 2.0 0.02 0.00226 0.722 0.099 0.94 
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exp. # pH cAc- [mM] c0 [g/l] ceq. [g/l] chalf [g/l] 1013 Dhom [m2/s] 1013 DTPD [m2/s] φs/φ 

22 5.51 10 2.0 0.09 0.0189 0.976 0.174 0.95 
23 5.51 20 2.0 0.19 0.302 2.16 0.561 0.98 
24 5.49 50 2.0 1.14 32.3 7.05 3.53 0.98 
25 5.52 100 2.0 1.63 552 6.98 5.79 0.96 
26 6.00 100 10.0 9.06 222 8.30 4.22 0.89 
27 5.98 100 2.0 1.44 197 10.4 7.16 0.98 
28 6.00 100 5.0 4.15 199 7.92 4.65 0.94 
29 6.00 100 15.0 14.2 424 5.95 2.97 0.74 
30 6.01 50 2.0 0.63 4.89 4.37 1.64 0.98 
31 4.27 1 9.9 6.45 0.0434 1.31 0.156 0.53 
32 5.06 1 10.0 5.76 7.15 • 10-5 0.640 0.0286 0.19 
33 6.00 1 10.0 6.02 7.47 • 10-7 0.373 0.00497 0.033 
34 6.25 20 9.9 7.14 0.0633 1.81 0.225 0.53 
35 5.50 2 10.0 6.28 1.01 • 10-4 0.823 0.0397 0.20 
36 5.90 1 10.0 5.50 6.84 • 10-7 0.298 0.00395 0.029 
37 5.95 1 10.0 6.31 1.23 • 10-7 0.283 0.00429 0.035 
38 5.50 1 10.0 6.19 2.06 • 10-6 0.404 0.00856 0.063 
39 5.50 5 10.0 7.45 5.58 • 10-4 0.599 0.0326 0.18 
40 5.45 10 10.0 7.03 0.0105 1.27 0.129 0.47 
41 6.03 20 10.0 6.74 0.0176 1.30 0.140 0.51 
42 4.60 1 10.0 5.99 1.74 • 10-3 1.39 0.119 0.51 

 


