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The kinetics of the adsoiption of the protein BSA on the ion exchanger Q-Sepharose 
FF were measured for several values of the p H  and ionic strength, using seueral tech- 
niques. The measurements were best described with a model incorporating both surjiuce 
and pore diffusion and with the chemical potential gradient as the driuing force for 
diffusion. The surface-diffusion coefficients from this model show an inverse exponen- 
tial dependency on the binding strength. This dependency can be explained by an acti- 
vated jump mechanism. The pore-diffusion coefficient is much lower than that in free 
solution, which is probably caused by a combination of steric and electric exclusion. 

Introduction 

Jon-exchangc chromatography is widely used for the purifi- 
cation of proteins. In this process the adsorption kinetics are 
important: they control the sharpness of peaks and break- 
through cuivcs. 

Recently various articles have been published on this sub- 
ject. Habbaba and Ulgen (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. 

This article presents measurements and models of the ad- 
sorption kinetics of a protein on an ion exchanger at varying 
pH and ionic strength. The goal is to demonstrate which 
physical processes are important and how they depend on the 
pH and the ionic strength. 

Theory 
Adsorption kinetics models 

When protcins adsorb, two processes can limit the adsorp- 
tion rate: slow diffusion and slow adsorption. The kinetics of 
the actual adsorption can be slow if a protein has to rear- 
range its three-dimensional structure in order to adsorb. For 
our model system we have assumed that the adsorption is 
instantancous. There are two reasons for this: 

The adsorption equilibrium depends mainly on electrical 
forces (Bosmn and Wesselingh, 1998); these are instanta- 
neous. 

Unfolding of proteins may occur on hydrophobic sur- 
faces because the groups inside a protein are attracted by the 

surface. The surface of our ion exchanger is strongly hy- 
drophilic, however, and proteins should not unfold. 

There are two steps in the diffusion up to the pore wall: 
Diffusion from the pore bulk to the pore wall. We ne- 

glect this step, as the diffusion distance is very small. This 
implies that we assume local adsorption equilibrium in the 
pores. 

Diffusion toward or away from the center of the particle. 
Below we present two models for the finite bath adsorp- 

tion experiments: the homogeneous model and the two-phase 
diffusion (TPD) model. In both models only diffusion of the 
protein is considered. It is assumed that small ions diffuse 
rapidly and have no effect on the transport of the proteins. 
Both models consider the protein concentration profile in- 
side the particle. 

The mass balance outside the particle gives 

Here c is the protein concentration in the bulk liquid, 4 is 
the protein concentration in the particle, q is the average of 
q,  E ~ ~ , ~ ~ , ~ , ~  is the particle holdup, u is the particle wrface per 
particle volume, cp is the concentration in the pores at the 
surface of the particle, D is the diffusion coefficient in liquid, 
and 6, is the liquid-film thickness. According to Calderbank 
and Moo-Young (1961), there are two mass-transfer regimes: 
one in which mass transfer is controlled by sedimentation of 
the particles, and one in which 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 
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given by 

where p is the viscosity, Ap is the density difference, and g 
is the gravitational acceleration. 

The mass balance inside the particle gives 

( 3 )  

In the homogeneous model, we assumc 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 proteins in the pore bulk and diffu- 
sion of adsorbed proteins on the pore walls. The total ad- 
sorbed concentration, q,  is the sum of the concentration in 
the pore bulk, c p ,  and the adsorbed concentration at the sur- 
face, 4, 

Here e,] is the pore holdup. The driving force for diffusion is 
the chemical potential gradient. We assume that the proteins 
in the pore bulk behave ideally, so their activity coefficient is 
independent of concentration. Therefore diffusion in the pore 
bulk can be described by Ficks law 

At the pore walls the driving force is the same since we 
assume local adsorption equilibrium. The expression for the 
diffusive flux at the walls becomes 

This is better than assuming that Fick’s law can 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, 
2000). The total flux is given by 

An expression for the effective diffusion coefficient, DCtt, can 
be derived from Eqs. 4 to 7 

A description of the equilibrium is needed for both mod- 
els: in the TPD model for the local equilibrium in the  pores, 
and in the homogeneous model for the surface of the parti- 
cle. In a previous study of the adsorption equilibrium we 
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found that the steric mass action (SMA) modcl describes 
equilibrium wcll (Bosma and Wesselingh, 1998). This model 
assumes that adsorption is an exchange reaction of a protein 
with a number of small ions. The equilibrium depends on 
ionic strength and pH; however, the effect of these two can 
be combined in a single parameter. This is the concentration 
in the liquid at which the adsorption has one half of its maxi- 
mum value-the “half-concentration.” Figure 1 shows exam- 
ples of adsorption isotherms for different half-concentra- 
tions. Figure 2 shows thc dependencc of the half-concentra- 
tion on the p H  and the ionic strength for our experimental 
system. 

We have tested many other models for the rate of adsorp- 
tion, but will only mention them in the discussion section. 

Experimental Studies 
Materials 

All experiments were performed with bovine serum albu- 
min (BSA) from Boehringer Mannheim and Q-Sepharose FF 

- .  . 
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PH 
Figure 2. lsoadsorption lines giving the effect of pH and 

ionic strength on the half-concentration of 
BSA binding on Q-Sepharose FF in an acetate 
buffer. 
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Figure 3. Experimental setup for the batch-adsorption 
experiments. 

from Pharmacia Upjohn. 

Batch-adsorption experiments 
The expcrimental setup is shown in Figure 3. Batch-ad- 

sorption experiments of BSA adsorbing on 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 ( A  = 280 nm) and a pH meter these parameters were 
continuously monitored. For an experiment a flask was filled 
with 140 mL of a protein solution in the appropriate 
acctate/acetic acid buffer. After that a known amount of ion 
exchanger, suspended in water, was added. This was 5 to 7 
mL (sedimentcd bed volume) of ion exchanger in an amount 
that totaled 10 mL. After adding the ion exchanger, the UV 
adsorption and the p H  were monitored for 1 to 5 h. Some 
adsorption-desorption experiments were also 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 con- 
centration at the start between 2 and 20 g/L. Some experi- 
ments were performed at lower and higher stirrer speeds: at 
speeds above 200 rpm, adsorption was not accelerated. In a 
few experiments a certain amount of water (instead of water 
with ion exchanger) was added to measure how fast a concen- 
tration changc was detected by the UV meter. The measured 
concentration approached the real one exponentially with a 
half time o f  14 s. In comparing the measured and calculated 
results the following transformation was applied to the calcu- 
lated results 

c(T)exp[0.048(7 - t ) ]  d r  

' (9) 
1: I 

('I " ( t )  = 

jlXexp[0.O48(r - t ) ]  d r  

Confocal microscopy experiments 
A few evperiments were performed with confocal mi- 

croscopy. This technique measures concentration profiles in- 
side 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 cover glass over it. Finally, we 
put the final assembly under the microscope and followed 
the concentration profile. 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 concen- 
trations in eight regions. We chose to monitor the concentra- 
tions in a row of squares ranging from the center of a particle 
to the edge or a little further out. The results is the develop- 
ment of a light-intensity profile in the particle. To obtain the 
concentration profile we assumed that the light intensity was 
linearly dependent on the concentration. Because we could 
not calibrate the system, the results are qualitative. 

Solution of the models 
The two models were solved on the computer. For the TPD 

model the effective diffusion coefficient as a function of the 
concentration in the particle, q,  was calculated using Eq. 8. 
Both models were solved by calculating the concentration at 
SO discrete locations inside the particle. 

In our calculations we used: 
A protein adsorption capacity of 150 g/L, based on the 

particle volume; 
A pore holdup in the particle, E,,, of 0.52, which equals 

the partition coefficient of the protein at high ionic strength; 
A particle diameter of 95 pm;  
A liquid side film thickness of 14 p m  (calculated with 

Eq. 2). 

Results 
The parameters in the batch adsorption experiments are 

summarized in Table 1. Two examples are given in Figures 4 
and 5. Figure 6 shows the surface-diffusion coefficients as a 
function of the binding strength for the two models. The cor- 
relation coefficients that were calculated for each model from 
the data in Figure 6 and for one other model are given in 
Table 2. 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-dif- 
fusion coefficient. The correlation coefficients that were cal- 
culated for various pore diffusion coefficients are given in 
Figure 7 .  A value of 9X1OPl3 m2/s for the pore-diffusion 
coefficient gave the best correlation, but this value is not crit- 
ical. 

Two examples of batch adsorption-desorption experiments 
are given in Figures 8 and 9. The desorption part o f  the lines 
of the homogeneous model were calculated by fitting the ef- 
fective-diffusion coefficient. In the TPD model we used the 
surface-diffusion coefficient obtained by the equation in 
Table 2 with a pore-diffusion coefficient of 2 X  lo-" m'/s 
during desorption. For lower pore-diffusion coefficients the 
agreement with experiment is much poorer. With the fitted 
pore-diffusion coefficient, the agreement is still not good, but 
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Table 1. Summary of the Batch Adsorption Experiments 
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the curvatures of the concentration histories just before the 
maximum of the measured and calculated curves show the 
best agreement. There is still great uncertainty in this pore- 
diffusion coefficient. Figures 10 through 12 give both the cal- 
culated concentration profiles in a particle at various binding 
strengths and the concentration profiles that were measured 
with confocal microscopy under the same conditions. 

Discussion 
This discussion will be extensive. First we compare the two 

models and their results in four ways. The TPD model will 
turn out to be the best model, and we discuss the mecha- 
nisms of the pore and the surface diffusion and their relative 
importance. Finally we discuss some deficiencies in the TPD 
model. 
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Comparing the models 
The models can be cvaluated in four ways. 
First the predicted historics of the protein concentration in 

the stirred tank can be compared with the measurements; 
this is done in Figures 4 and 5. Both models give results that 
are similar to the measurements. The difference between the 
models and the measurements can be explained by the eflcct 
of the particle-size distribution. We found that when the par- 
ticle-size distribution is first included in a model, thc adsorp- 
tion is faster (due to the higher particle surface), while at thc 
cnd it  is slower (due to the large particles). The concentra- 
tion histories do not allow us to draw any conclusions. 

The second way to compare the models is by evaluating the 
correlation between the calculated diffusion coefficients and 
the binding strength. We found that the binding strength can 
be used to represent the effect o f  the pH and the ionic 
strength. The correlations are shown in Figure 6 and Table 2. 
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Figure 4. Example of an adsorption curve at a starting 
concentration of 2 g/L (exp. 10). 
~ - -  -TPD model; - homogeneous model. 

The homogeneous model gives a correlation that is quite 
good. If we introduce the dependence of the diffusion coeffi- 
cient on the starting concentration, we find an even better 
correlation (see Table 2). The TPD model gives the best cor- 
relation, as it shows a surface-diffusion coefficient that 
changes sharply with the half-concentration. 

The third way to compare the models is to compare the 
predicted concentration histories of the adsorption-desorp- 
tion experiments with the measurements. This is done in Fig- 
ures 8 and 9. These figures show that the addition of a salt 
solution causcs rapid desorption followed by little readsorp- 
tion. In our calculations the homogeneous model never pre- 
dicts readsorption. The TPD model can predict readsorption, 
but the predicted maximum in the adsorption curve is much 
lower than the measured one. 

The fourth way to compare the models is with the results 
of the confocal microscopy experiments. Figures 10 through 
12 show some calculated concentration profiles inside the 
particle during adsorption. The TPD model predicts that: 

11 1 I 

lo A 

0 1000 2000 3000 

Figure 5. An example of an adsorption curve at a start- 
ing concentration of 10 g/L (exp. 4). 

time [s] 

~ TPD model, - homogeneous model 

1 0-15 

1 0-l6 
lo-’ I O - ~  0.1 10 1000 

c h a r  WI 
Figure 6. Calculated diffusion coefficients according to 

the models vs. the half-concentration. 
For the TPD model these are surface-diffusion coefficients, 
for the homogeneous model effective-diffusion coefficients. 
Symbols: open-homogeneous model; closcd: T P D  model: 
approximate average protein concentration: n - 2  g/L. 0 -5 
g/L, 0 - 1 0  g/L, 0 - 1 5  or 20 g/L. 

The concentration profiles have an inflexion point, where 
the concentration gradient has a maximum. 

The concentration gradient at the inflexion point in- 
creases sharply with increasing binding strength. 

The homogeneous model predicts concentration profiles 
that are practically independent of the binding strength. In 
Figures 10 through 12 it can be seen that the qualitative ef- 
fects 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 they 
are discussed in the subsection on “Differences Between the 
TPD Model and the Measurements.” Overall the homoge- 
neous model is not bad either. However, it predicts a less 
steep profile then the measured one, without an inflexion 
point, and we cannot explain why a measured profile can be 
steeper than a theoretical one. 

I + 

0.01 ! I 

1 0-13 1 o l 2  1 0-l1 
D ,  [m2/s] 

Figure 7.  Correlation between the half-concentration 
and the surface-diffusion coefficient at vari- 
ous assumed pore diffusion coefficients in the 
TPD model. 
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Figure 8. Example of an adsorption-desorption curve 
at a starting concentration of 2 g/L. 
- - - -  TPD model; - homogeneou5 model The  pH 
was 5.3 and the  ionic strength changed from 5 to 100 mM. 

8.6- 

8.4- 

8.2- 

8.0- 

Overall we conclude that the TPD model is the best model. 
The main reason is that it uses the chemical potential gradi- 
ent as the driving force. Two reasons for this conclusion are: 

The diffusion coefficient in the homogeneous model de- 
pends on the concentration (see Table 2). In the TPD model 
the pore- and surface-diffusion coefficients are independent 
of concentration. Apparently the effect of the concentration 
on the effective-diffusion coefficient is satisfactorily de- 
scribed by Eq. 8. 

The measured inflexion point in the concentration pro- 
file inside a particle cannot be modeled using the concentra- 
tion gradient as the driving force. We found that the inflex- 
ion point in the TPD model is not caused by diffusion in the 
two phases, but by the use of the chemical potential gradient 
as the driving force. 

Simpler model 
We just concluded that the TPD model is the best; how- 

ever, in some caser it is not the most useful. For example, 
when a column process is modeled numerically the calcula- 
tion of the concentration profile inside all particles may be 
too time-consuming. A simpler model that only considers one 
(possibly lumped) mass-transfer resistance between the liquid 
and the particle phase may be better. 

The best model that we found that does not calculate the 
concentration profile inside the particle is a linear-driving- 
force model with the chemical potential difference as the 

Table 2. Fitted Straight Lines in Figure 6 According to 
D = D o .  cRalf 

R’ 

Homogeneous 3.36 X 10- I-’ 0.171 0.85 
Homogencous 2.18 x 10- x I.OSl‘~1 0.248-0.(3(372 c,, 0.928 
TPD 7.81 x 10- 0.346 0.963 
LDF 2 . 1 4 ~  10- I J  0.556 0.981 

~- 
Model I) , )  [m2/s] P 

T h e  D’s in the  TPD model are surface-diffusion coefficients. whilc t l i~’ le  
for the  o ther  models a re  effective-diffusion coefficients. 
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Figure 9. Example of an adsorption-desorption curve 
at a starting concentration of 10 g/L. 

- - T P D  model - homogcneouc model The  pH 
v.d\ 5 3 and the ionic strength Lhdnged from 20 to 50 niM 

driving force for diffusion. As in Eq. 6. a factor q/c will ap- 
pear in the flux equation. The logarithmic mean of the factor 
in both phases was used for this factor. 

For the total mass transfer (neglecting the liquid-side 
mass-transfer resistance) we used: 

Here c (q )  is the unadsorbed concentration that would be at 
equilibrium with the adsorbed concentration (I and q(c )  is 
the adsorbed concentration that would be in equilibrium with 
the unadsorbed Concentration c. For high initial concentra- 
tions the prediction of the initial adsorption rate is too high 

0.00 I : / 
I I I 

0.00 0.25 0.50 0.75 1 .oo 

Figure 10. Concentration profile in the particle during 
adsorption at chalf = 6.3 x 10 - (pH 5.9 and 
cAc- = 1 mM) after 3,000 s. 

- - TPD model, - hoinogeneou5 model + -nied- 
w r e m e n t s  

July 2001 Vol. 47, No. 7 AIChE Journal 1576 



0.75- 
n 
Y 

2 
E 0.50- s 

0.25- 

1 .oo 

0.75- 

0.50- 

0.25- 
4 + + + + 

0.00 I 1 I 

/ 
0.00 ! I 1 I 

0.00 0.25 0.50 0.75 1 .oo 

Electrical exclusion affects the unadsorbed protein concen- 
tration in the pores. It can greatly decrease the diffusive flux 
of unadsorbed protein. 

CoIumn measurements have shown that at very low ionic 
strengths ( < 0.1 mM) 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 con- 
sidered as an electrically uniform phase. Electrical exclusion 
only plays a role in a region close to the fibers. At very low 

pore, and the ion exchanger will behave as an electrically uni- 
ionic strength, however, this region will include the whole 

form phase. 

Figure 11. Concentration profile in the particle during 
adsorption at chalf = 0.13 (pH 4.8 and cAC - = 

5 mM) after 679 s. 
~ - ~ - TPD model; ~ homogeneous model; + - m a -  
wrrtnent\ .  

and the final adsorption rate too low. It is the other way 
around for low concentrations. The model gives a good corre- 
lation betwcen the the binding strength and the diffusion co- 
efficient (sce Table 2, LDF model). 

The surface-difision mechanism 
In Figure 6 it can be seen that there is a close relationship 

between the half-concentration and the surface-diffusion co- 
efficient. Thi5 relationship can be explained by an activated 
jump mechanism. To jump from one adsorption site to the 
next, the protein has to overcome an activation barrier with 
free energy p({. h adsorption site is a site where the binding 
sites (ionic groups) of the protein and the ion exchanger fit 
together. It is probable that these sites overlap. The activated 
jump mechanism gives rise to an Arrhenius type of depend- 
ence' 

It is reasonable to assume that the activation frcc energy 
will be proportional to the free energy change of adsorption. 
This free energy change contains both the electrical adsorp- 
tion energy and an entropic contribution of the salt concen- 
tration in the bulk liquid. For our materials we found (Bosma 
and Wesselingh, 1998) that it depends on the half-concentra- 
tion via an Arrhenius-type equation 

When these two equations are combined it follows that 
there should be a linear relationship between the logarithm 
of the surface-diffusion coefficient and the logarithm of the 
half-concentration. In Figure 6 we see that the activation free 
energy is 34% of the free energy of adsorption (the slope is 
0.34). 

The value of the unimpeded diffusion coefficient, Ds,o, 
should be approximately equal to the value given by the Ein- 
stein equation: uA/4, in which A is the jump length and u is 
the thermal velocity. The thermal velocity is approximately 

Using the data in Figure 6 and our previous results, we get 
a jump length of only 0.004 nm. Although there are many 
more ion-exchange groups than necessary for binding, it is 
unrealistic to assume that the adsorption sites are so close 
together. We think that the adsorption sites are about one 
hundred times further apart. The discrepancy is probably 
caused by viscous friction between the protein and water. It 
is also possible that jumps fail due to the protein being incor- 
rectly oriented or a jump in the wrong direction. 

Figure 12. Concentration profiles in the particle during 
adsorption at chalt = 720 (pH 4.5 and c,, - = 

20 mM) after 250 s. 
~ - - - TPD model, - homogeneous model, + mea- 
\ti1 einents. 

diffusion is unimportant and our experiments cannot be used 
to draw conclusions concerning electrical exclusion. With 
strong binding conditions pore diffusion is important, but, as 
can be seen in Figure 7, there is a great deal of uncertainty in 
the pore-diffusion coefficient, so we cannot draw any conclu- 
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sions here either. Howevcr, because of thc pore-diffusion co- 10-1’ , 1 
efficient’s low value, we believe that electrical exclusion is im- 
portant. This is discussed in the next subsection. 

Pore-difision coeflcient 
In the TPD model the pore-diffusion coefficient was fitted 

by assuming that it has the same value in each experiment 
and then calculating the correlation coefficient R’ for the 
relation between the binding strength and the surface diffu- 
sion coefficient (as in Figure 6). The rcsult is given in Figure 
7; the optimum lies at 9 X 10- l 3  m’/s, although this value is 
very uncertain. Another way of estimating it is with a shrink- 
ing-corc (SC) model, a model in which irreversible adsorption 
is assumed and in which diffusion to the ccnter of the parti- 
cle occurs only by unadsorbed proteins. For very strong bind- 
ing the TPD model should give the same result as the SC 
model. At the strongest binding the diffusion coefficient 
found with the SC model is 6 X  lo - ’”  m2/s. In order to com- 
pare it with the pore-diffusion coefficient from the TPD 
model, it has to be divided by the pore holdup (0.52). The 
two values are quite close. The pore-diffusion coefficients 
found with the SC model depend on the binding strength, 
which suggests that the pore-diffusion coefficicnt will dcpend 
on some parameter related to the binding strength (such as 
the ionic strength). The fitted pore-diffusion coefficient is not 
a pure diffusion coefficient. because the partition coefficient 
(the protein Concentration in the pore hulk divided by that in 
the bulk liquid) also affects the diffusive flux. In our model 
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Figure 13. Effective-diffusion coefficient in the particle 

as a function of the total protein concentra- 
tion for three half-concentrations. 

pore diffusion. Their magnitude will depend on the circum- 
stances. 

Yoshida et al. ( 1 0 4 )  investigated the diffusion of BSA in 
chitosan ion cxchangers. They found a pore-diffusion coeffi- 
cient of 2 . 7 ~  10-” m2/s with the SC model and 1.OX 10- ” 
m2/s with a parallel diffusion model. The pore-diffusion cocf- 
ficient in chitosan is higher than that in agarose, as chitosan 
apparently has larger pores. 

we assumed a constant partition coefficient equal to the pore 
holdup eP.  However, the partition constant may vary due to 
steric and electric exclusion, The fitted pore-diffusion cocffi- 
cients are therefore the product of a real diffusion coefficient 
and a partition coefficient. 

Comuarine thc fitted uore-diffusion coefficicnt with the 

The eflectitive-diausion coeflcient 
Figure 13 shows the effective-diffusion Coefficient vs. the 

total Protein concentration (according to Eq. 8) for three 
binding strengths. Two limits can he distinguished: 

If there is no binding, the effective-diffusion coefficient 
I ”  

diffusion coefficient of BSA in liquid (5.9 X 10-l ’ m’/s) yields 
a retardation factor of 50. BSA diffusion coefficients in 6% 
Sepharosc, a nonbinding matrix, have bcen measured by a 
chromatographic method by Boyer and Hsu (1992). who found 
a retardation factor of only 6. Moussaoui et al. (1992) and 
Johnson ct al. (1995) measured them with thc fluorescence 
recovery after photobleaching (FRAP) method, and they 
found retardation factors of 2.5 and 2.1, respectively. Under 
nonbinding conditions we measured a retardation factor of h 
(Bosma and Wesselingh, 2000). Apparently pore diffusion (or 
partitioning) is greatly hindered by adsorbed protein. 

During desorption the retardation factor is about 3. This is 
somewhat high compared to data from the literature. One 
reason for this difference may be that when desorption oc- 
curs the protein concentration in the pores becomes so high 
that thc activity coefficient becomes largcr than one. 

We investigated whether slow pore diffusion could be as- 
cribed to steric effects due to adsorbed protein. In the TPD 
model we made the pore-diffusion cocfficicnt dependent on 
the adsorbed concentration by using various functions to vary 
the retardation factor between 50 at full adsorption and 3 at 
full desorption. The correlations between binding strength 
and surface-diffusion coefficient bccamc much worse. There- 
fore the hindrance of diffusion is not purely steric. We think 
that both steric and electric factors affect the hindrance of 

will be equal to the pore-diffusion coefficicnt. 
If the binding is irreversible, the effective-diffusion coef- 

ficient will be zero if the surface is not saturated (the 
surface-diffusion coefficient will bc zero) and equal to the 
pore-diffusion coefficient if the surface is saturated. 

The examples in Figure 13 all lie between these two limits. 
One interesting aspect of the effective-diffusion coefficient 
for weak binding is that it can become largcr than either the 
surface-diffusion coefficient or thc porediffusion coefficient. 
This aspect is caused by the fact that the chemical potential 
is the real driving forcc for diffusion. 

Relative importance of the diffusion mechanisms 
Figure 14 shows that the relative importance of the diffu- 

sion mechanisms depends on the binding strength and the 
concentration. Surface diffusion will always be more impor- 
tant for low concentrations. However, in an experiment there 
arc usually regions of high and of low concentration, so the 
actual relative importance of the mechanisms cannot be seen 
in Figure 14. 

The fact that we found quite accurate values for the sur- 
face-diffusion coefficient but a very uncertain value for the 
pore diffusion coefficient indicates that surface diffusion is 
more important. Figure 7 also shows that if we choose the 
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Figure 14. Relative importance of surface diffusion as a 

function of the total protein concentration for 
three half-concentrations. 

pore-diffusion coefficient an order of magnitude lower, the 
correlation barely deteriorates. Figure 15 shows the surface- 
diffusion f lux divided by the total diffusion flux when equilib- 
rium is almost reached. Before drawing conclusions from this 
figurc. it must be realized that the concentration is lower 
during the adsorption, so a larger part of the proteins will be 
adsorbed and surface diffusion will be more important. It can 
be seen that pore-diffusion is more important for very strong 
binding, whilc surface diffusion is dominant for intermediate 
and weak binding. 

Differences between TPD model and measurements 

the TPD model calculations and the experiments: 
In  three caws we found differences between the results of 

0.25 1 
c .@ 0 1  I I I I 

1 0 . ~  0.1 10 1000 

Figure 15. Importance of surface diffusion vs. total dif- 
fusion when the equilibrium is almost at- 
tained. 
S> t i i l x k  approximatc average protein conccnmition: A -2  
gjl.. 0 - 5  g/L, 0 - 1 0  g/L. 0-15 or 20 g/L. 

It can he seen in Figure 5 that the final attainment of 
equilibrium takes longer than predicted. 

It can be seen in Figures 8 and 9 that during the adsorp- 
tion-desorption experiments the measured maximums in the 
hulk concentration are much larger than the predicted ones. 

0 It can be seen in Figures 10 through 12 that the mea- 
sured concentration profiles inside the particle are shallowcr 
than the predicted ones. 

The second phenomenon can also be seen in the results of 
Karst Lewus and Carta (1999), who measured the competi- 
tive adsorption of two proteins. 

All differences can be explained by inhomogeneities in the 
particle. We think that there are faster than average diffu- 
sion paths and slower than average diffusion paths. The 
fastest route from the surface of the particle to a certain lo- 
cation inside the particle is not necessarily a straight path. 
The diffusion paths can be likened to the trunk, the branches, 
and the needles of a Christmas tree. 

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

Conclusions 
In this article we have investigated the kinetics of the ad- 

sorption of a protein on an ion exchanger. Our main conclu- 
sions are as follows: 

In our experimental system surface diffusion (diffusion 
of adsorbed protein) is the main diffusion mechanism. 

The driving force for surface diffusion is the chemical- 
potential gradient and not the concentration gradient. 

The effect of pH and the ionic strength on the surface 
diffusion can be represented simultaneously by the effect of 
the binding strength. 

When the binding strength increases, the surface-diffu- 
sion coefficient decreases sharply. This dependency can be 
described by an activated jump mechanism. 

When the binding strength becomes very high. pore dif- 
fusion becomes important. 

The pore diffusion flux will decrease when the binding 
strength increases due to the decrease in the concentration 
of unadsorbed protein. 

Pore diffusion is severely hindered by a combination of 
steric and electric effects. 

A two-phase diffusion model takes all these effects into 
account and is therefore the best model for describing the 
kinetics of the adsorption. 

The two-phase diffusion model still has some deficien- 
cies, the main one being that it does not take inhomo- 
geneities in the particle into account. 

Using our experimental system we found that diffusion de- 
creases when binding strength increases. Karst Lewus and 
Carta (1999) investigated the competitive adsorption of two 
proteins. One of these proteins (cytochrome c) binds weakly 
and diffuses rapidly, while 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 
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t h u m b  when different pro te ins  are compared.  Although therc  
a r e  also o t h e r  factors  tha t  a r e  important ,  such a s  size, t h e  
binding s t rength is probably t h e  most  important  one .  
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Notation 
u =interfacial area. m ’ 
c =concentration in the bulk, g/L 

c,,,~,, = half-concentration, g/L 
ci’ =concentration in the pore, g/L 

cIIv =protein concentration measured by the UV meter, g/L 
d,, =particle diameter, m 

D,,, = effective-diffusion coefficient, m2/5 
D/) = pore-diffusion coefficient, m’/s 
D, = surface-diffusion coefficient. m2/s 
A4 =molar mass. kg/mol 
4 =total concentration in the particle, g/L particle 

q, =adsorbed concentration. g/L particle 
=small anion concentration in the bulk, M 

r =radius, m 

& = 

R’ = correlation defined by 
[12L.(x).) - (Lx)(Zy) l2  

[nL(.w’) - (Cx)’I-[nC(y’) - (Xy)’] 
where IZ is the number of measured pairs 1.y  

K,, =particle radius. m 
t =time, s 

T =temperature, K 

Greek letters 
6, = liquid-side film thickness, m 

E =volume fraction 
E / ,  =pore holdup 

=free energy of adsorption, J/mol 

b, =total diffusive tlux. m/s.g/L 
b,), = diffusive tlux in the pore, m/s. g/L 
4, =diffusive flux at the surface, m/s. g/L 
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