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The adsorption kinetics of myoglobin in charged gels of varying agarose content
have been measured macroscopically, through batch uptake experiments, and micro-
scopically, using light microscopy with gels supported in microfluidics chips. The
apparent effective pore diffusivities, determined by fitting either set of rate data to the
shrinking core model, were greater than the free solution diffusivity and concentration-
dependent. Moreover, the microscopically derived concentration profiles were qualita-
tively different from the predicted ones. Therefore, a new model taking into account an
assumed favorable partitioning of the protein in the pore liquid is proposed to describe
the adsorption kinetics. The new model yields effective pore diffusivities that are in ap-
proximate agreement with the values determined chromatographically under nonbind-
ing conditions and with hindered diffusion theory. In addition, it predicts concentration
profiles in the gel that are consistent with those observed microscopically. The overall
increase in mass transfer is attributed to the favorable partitioning of the protein in
the pores at low ionic strength, which results in a greater diffusional driving force.
� 2008 American Institute of Chemical Engineers AIChE J, 55: 331–341, 2009
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Introduction

Transport within the stationary phase is typically the control-
ling band broadening effect in protein ion exchange chroma-
tography.1 Thus, understanding and modeling protein transport
in these materials is a key step in optimizing process perform-
ance. Various methods exist to determine protein adsorption
kinetics in chromatographic matrices. These include macro-
scopic measurements, where mass transfer rates are obtained
directly,2,3 and microscopic methods, where the protein con-
centration profiles in the stationary phase are measured. The
latter approaches give not only rates but also information about
the mechanism of transport and include confocal laser scanning

microscopy (CLSM),4–10 refractive index based micros-
copy,11,12 and light microscopy using chromophoric proteins
diffusing in slab-shaped matrices.13–15 Each of these methods
has advantages and disadvantages. CLSM allows measure-
ments in transparent chromatographic beads using fluores-
cently labeled protein tracers. However, the quantitative inter-
pretation is often complicated by artifacts arising from the dif-
ferent adsorptive behavior of native and fluorescently labeled
protein molecules and by fluorescence attenuation effects.9,16

Refractive index microscopy, as recently introduced,11,12

allows measurements with unlabeled proteins but is restricted
to cases where the concentration profile is very sharp. Finally,
light microscopy with gels supported in square capillaries can
provide quantitative insight, but requires special syntheses and
is cumbersome when the gel is produced through a multistep
process, such as is the case for charged agarose gels.

Recently, we have introduced a light microscopy method
to visualize the evolution of protein concentration profiles
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using charged agarose gels supported in microfluidics
chips.17 This method offers advantages over CLSM because
the proteins do not need to be fluorescently labeled and dif-
fusion can be modeled as a semi-infinite slab. Moreover, the
microfluidics format allows for better control of hydrody-
namic conditions and permits multiple gel synthesis steps
(gel formation, crosslinking, and functionalization) to be
conducted on-chip.

In our previous work,17 we reported experimental results for
the three proteins cytochrome-c, myoglobin, and hemoglobin
in a 6% agarose-based sulfopropyl-functionalized gel. For all
three, adsorption rates obtained from the microscopic experi-
ments were consistent with those observed macroscopically
for particles suspended in an agitated contactor. The total
amount of protein adsorbed could be described as a function
of time by the classical shrinking core model.18 However, the
corresponding apparent effective pore diffusivities, obtained
by fitting the model to the rate data, were in most cases higher
than in free solution and exhibited a significant dependence on
protein concentration. This result is not expected for ordinary
diffusion in a porous network, suggesting that a more complex
transport mechanism takes place. Moreover, the shell-progres-
sive model was in qualitative disagreement with the experi-
mental concentration profiles as a function of distance. The
profiles for cytochrome-c were smooth, despite the highly
favorable adsorption isotherm, and qualitatively consistent
with surface or a solid-phase diffusion mechanisms. On the
other hand, the myoglobin profiles showed a more complex
behavior with a smooth portion followed by a sharp front,
which is not consistent with available models.

The objective of this article is thus threefold. The first is to
extend our measurements of adsorption kinetics to gels with
different agarose contents. The second is to determine effective
pore diffusivities from isocratic elution experiments under non-
retained conditions, i.e., where attractive protein-surface inter-
actions are absent. The third objective is to develop a concep-
tual model to describe the myoglobin adsorption kinetics.

Materials and Methods

Materials

Materials used for this work were as described in our pre-
vious article.17 Briefly, agarose gels were synthesized with
high gel strength agarose from USB Corporation (Cleveland,
OH), crosslinked with epichlorohydrin (EPC), allylated with
allyl glycidyl ether (AGE), and converted to sulfopropyl (SP)
cation exchangers by reaction of the allyl groups with so-
dium metabisulfite. All chemicals used in these steps were
from Sigma Chemical Co. (St. Louis, MO) and Fisher Scien-
tific (Fair Lawn, NJ). Borofloat1 glass slides spin-coated
with chrome and photoresist coatings used to prepare the
microfuidics chips were from Nanofilms (West Lake, CA).

Dextran standards (T fractions) used in inverse size exclu-
sion chromatography (iSEC) and myoglobin (horse, Mr 5 17
kDa, pI 7.2) were from GE Healthcare (Piscataway, NJ) and
Sigma (St. Louis, MO), respectively. All experiments were
conducted in 20 mM sodium acetate adjusted to pH 5.0 with
acetic acid. These conditions (about 2 pH units away from
the protein pI and low ionic strength) were chosen to give
favorable binding of myoglobin.

Methods

Agarose gels were prepared and functionalized as previ-
ously described17 either by casting into the microfluidics
chips to form 100 lm-thick slabs for microscopic visualiza-
tion experiments or emulsifying in cyclohexane with 2% (w/
v) SPAN 85 to form spherical beads.

Three different agarose concentrations were used: 4, 6,
and 9% (w/v), all based on the agarose content of the starting
solutions. Ionic capacity, particle density, particle size distri-
bution, porosity, and pore size were determined as previously
described and are summarized in Table 1. The pore radii
were determined by iSEC with dextran probes (5, 10, 25, 40,
70, and 500 kDa), based on a cylindrical pore model assum-
ing a uniform pore size distribution using the procedure
described in detailed in Ref. 17. Although a pore size distri-
bution could in principle be obtained, as is typically found,19

the iSEC results did not permit a unique determination since
many different distributions provided an equally good fit of
the data. Thus, we just chose the simplest model assuming a
uniform pore size. The retention of glucose was used to cal-
culate the intraparticle porosity. As expected, as the agarose
content increases, the bead density and the ionic capacity
increase but the pore size and porosity decrease.

Protein adsorption isotherms and batch uptake rates,
obtained by material balance and protein concentration pro-
files in the gels, obtained microscopically, were determined
as previously described.17 Briefly, the adsorption isotherms
were obtained by suspending small resin samples in protein
solutions with different initial concentrations and mixing for
8 h. Based on the kinetic measurements, this time was esti-
mated to be sufficient to attain equilibrium even with the
slowest resin considered (see Experimental Results section).
For the batch uptake rates, the agarose particles were sus-
pended in a protein solution in an agitated vessel and the
amount adsorbed was obtained from the residual protein con-
centration at each time. For the microscopic determination of
protein concentration profiles, the gels were cast into a 100
lm deep, 5 mm long, 1-mm-wide channel etched perpendicu-
lar to a flow channel on a glass chip. After functionalization,
a glass slide with two holes drilled at positions corresponding
with the flow channel was used to seal the assembly. Adsorp-
tion experiments were performed by pumping a protein solu-
tion through the flow channel and across the exposed edge of
the gel and monitoring the evolution of the myoglobin

Table 1. Materials Properties*

Agarose Content 4% 6% 9%

q0
† (lmol/cm3) 120 150 305

qpw
{ (g wet/cm3) 1.02 1.03 1.06

qd
§ (g dry/cm3) 0.07 0.10 0.16

ep
} 0.90 0.83 0.69

r
ðeÞ
pore

** (nm) 18.5 6.4 2.8

r
ðfÞ
p

† (lm) 50 64 91

*The 6% data are from Schirmer and Carta.17
†Total ionic capacity determined by titration.
{Hydrated particle density determined picnometrically.
§Dry particle density determined from weight loss at 1108C.
}ep, Total porosity determined from chromatographic retention of glucose.
**�rpore, average pore radius determined from iSEC.
rp, volume-average particle radius.
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concentration profiles in the gel with a microscope and CCD
camera at 1003 magnification. The images were then digi-
tized and the myoglobin concentration profiles obtained from
the corresponding smoothed gray-scale intensity with a cali-
bration curve as previously described.17

Finally, isocratic elution experiments for unretained condi-
tions were conducted using an AKTA Explorer chromato-
graphic workstation with the functionalized agarose beads
packed in 5 mm-diameter Tricorn columns from GE Health-
care. The columns were operated at 0.1–1.5 cm3/min with 20
ll injections of 2 mg/cm3 myoglobin. The mobile phase was
20 mM sodium acetate containing 500 mM NaCl at pH 5.0.
For these conditions there was no retention of myoglobin as
demonstrated by the fact that the myoglobin elution time was
consistent with the elution time of dextran with correspond-
ing viscosity radius. The apparent effective pore diffusivity,
De,app, was determined for these conditions from the slope of
van Deemter curves obtained from the moment method using
the following equation20

De;app

D0

¼ 1

30

e
1� e

k0

1þ k0

� �2 dh

dv0

� ��1

(1)

where D0 is the free solution diffusivity, e is the extraparticle
porosity, k0 is the retention factor, h 5 HETP/dp is the
reduced height equivalent to a theoretical plate (HETP), and
v0 5 vdp/D0 is the reduced velocity. The solution diffusivity
D0 5 1.1 3 1026 cm2/s was obtained from Tyn and
Gusek,21 whereas the volume-average particle diameter, dp,
was calculated from the experimental particle size distribu-
tions. e was obtained from the retention of blue dextran. As
for these conditions there is no binding and the protein
merely diffuses in the pores, the De-value determined from
these experiments is expected to represent the true effective
pore diffusivity.

Results

Experimental

The adsorption isotherms are shown in Figure 1 for gels
with different agarose concentrations. The adsorption
capacity increases with agarose concentration as a result of
the higher charge density and surface area of the matrix. In
each case, the isotherm is highly favorable at low protein
concentration, but exhibits a gradual positive slope at higher
concentrations. Thus, a heterogeneous bi-Langmuir isotherm1

was used to fit the data according to the following equation:

q ¼ qa þ qp ¼ qa;mKaC

1þ KaC
þ qp;mKpC

1þ KpC
(2)

Fitted lines and parameters are shown in Figure 1 and Table
2, respectively. As seen in Figure 1, the fit is within the scat-
ter of the data. From the physical viewpoint, the reasons for
this behavior are not precisely known. However, a possibility
is that protein is present in the agarose gel either adsorbed
on two different sites, one with high affinity and the other
with low affinity, or in two different conformations, one
strongly and the other weakly bound. In either case, qa and
qp represent the concentrations of protein molecules held in
two different ways within the charged agarose gel.

Batch uptake curves are shown in Figure 2 for a 2 mg/cm3

initial protein concentration and for gels with different aga-
rose content. To facilitate the comparison, the time scale is
normalized by the square of the average particle radius, rp,
thereby taking into account the different sizes of the three
materials. The lines shown were obtained by fitting the
shrinking core model taking into account the particle size
distribution.22 The film mass transfer coefficient was esti-
mated based on a Sherwood number (Sh 5 kfdp/D0) of 28
and the apparent effective diffusivity, De,app, was determined
by matching experimental and calculated uptake curves as in
our previous work.17 A summary of the fitted values normal-
ized by the free solution diffusivity is given in Table 3. As
seen from these results, the apparent effective diffusivities
are concentration dependent and, with the exception of the
9% agarose matrix, higher than the free solution diffusivity.
This result is not expected for ordinary diffusion in agarose
gels.23 The De,app-values can also be used to assess whether
equilibrium was established in the isotherm experiments.
Based on the shrinking core model,22 the time needed to
attain equilibrium can be estimated as t* 5 qmr

2
p/6C0De,app.

Thus, for 9% agarose and 0.5 mg/cm3 initial protein concen-
tration, using the De,app determined at 2 mg/cm3, we obtain
t* ; 4.2 h, which is considerably less than the 8 h used
experimentally. In practice, we observed that De,app increases
as the protein concentration is reduced making the time suffi-
cient even at lower protein concentrations.

Figure 1. Adsorption isotherms for myoglobin on gels
with different agarose content.

Lines are based on Eq. 2 with parameters from Table 2.
The 6% data are from Schirmer and Carta.17

Table 2. Adsorption Isotherm Parameters

Agarose Content 4% 6% 9%

qa,m (mg/ cm3) 92 122 172
Ka (cm

3/mg) 700 500 300
qp,m (mg/ cm3) 13.8 22.8 36.6
Kp (cm

3/mg) 5.0 0.908 0.376
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Concentration profiles obtained microscopically for adsorp-
tion in the agarose slabs for conditions analogous to those in
Figure 2 are shown in Figure 3. The corresponding micro-
scopically derived uptake curves, q/qmax vs. time, obtained
by integrating the experimental concentration profiles are
shown in Figure 4. The lines in this figure are based again
on the shrinking core model, which in this case is given
by18:

tDe;app

‘2
¼ qmax

C0

1

2

q

qmax

� �2

þ 1

Bi

q

qmax

� �$ %
(3)

where Bi 5 kf‘/De,app is the Biot number, kf is the boundary
layer mass transfer coefficient, and ‘ is the length of the slab
(0.1 cm in our case). The mass transfer coefficient kf 5 3.4
3 1024 cm/s was as previously determined.17 As seen in
Figure 4, the shrinking core model provides a good descrip-
tion of the slab uptake rate data, although, only of the aver-

age q/qmax vs. time curves. The corresponding De,app-values
are in reasonable agreement with those derived from the
macroscopic batch uptake rates but the corresponding con-
centration profiles in the gel are in disagreement with the
experimental ones.

The final set of experimental results is the pulse response
experiments shown in Figure 5. Retention decreases as the
agarose content increases because of the smaller porosity. In
each case, the peaks broaden as the flow rate is increased.
For the 9% agarose, in particular, the peaks become highly
skewed, despite the lower flow rates used for this material.
The corresponding van Deemter curves are linear, as seen in
Figure 6, indicating that mass transfer is controlling and ex-
hibit a larger slope at the higher agarose contents. Accord-
ingly, based on Eq. 1, the effective diffusivities are lower.
These values are summarized in Table 3 normalized again by
the free solution diffusivity and are much smaller than those
determined from the adsorption experiments. In this case, the
ratio De,app/D0 is substantially less than unity as expected for
ordinary diffusion in the relatively dense agarose matrices
used in this work.

Modeling

As shown earlier, the shrinking core model provides a
practically useful description of the time course of adsorp-
tion, whether in particles suspended in a mixed batch system
or in a slab. However, the model obviously fails on physical
grounds because of three reasons: (i) the fitted apparent
effective diffusivities are larger than the free solution diffu-
sivity and are dependent on the protein concentration to a
significant extent. Such behavior is not expected for macro-
pore diffusion because the protein concentration is quite low.
(ii) The concentration profiles determined microscopically
are different from those predicted for pore diffusion. As the
isotherm is very favorable, pore diffusion predicts a simple
sharp profile, whereas those seen experimentally exhibit a
gradual slope followed by a sharp front. (iii) The fitted diffu-
sivity values under strong binding conditions are very differ-
ent from those determined from pulse response experiments
where interactions between the protein and the stationary
phase are presumably purely steric. A possible explanation of
these effects is electostatic coupling of diffusion fluxes.8

However, while electrostatic interactions are obviously a
strong contribution to binding at the low ionic strength used
in these experiments, although the net charge of myoglobin

Table 3. Summary of Apparent Effective Diffusivity Values Normalized by the Free Solution Diffusivity, De,app/D0

Conditions Shrinking Core Model* Partitioning Model† Pore Diffusion Model{

Agarose Content C0 (mg/cm3) Batch Ads. Slab Ads. Batch Ads. Slab Ads. Pulse Response

4% 2.0 1.9 2.7 0.27 0.34 0.34
6% 0.5 2.1 2.2 0.16 0.09

1.0 1.8 1.6 0.13 0.12
2.0 1.5 1.0 0.14 0.12
3.0 1.2 0.91 0.18 0.17
Avg. 1.6 6 0.3 1.1 6 0.3 0.15 6 0.02 0.13 6 0.03 0.14

9% 2.0 0.31 0.33 0.032 0.040 0.033

*Based on shrinking core model fit to batch and microscopic adsorption rate data.
†Based on partitioning model fit to batch and microscopic adsorption rate data.
{Based on chromatographic pulse response for non-binding conditions.

Figure 2. Batch uptake curves for myoglobin on gels
with different agarose content for 2 mg/cm3

initial protein concentration.

The time scale is normalized by the average particle diame-
ter. Lines are based on the shrinking core model with appa-
rent effective diffusivities from Table 3. The 6% data are
from Schirmer and Carta.17
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is around 12.5 at pH 5, even at 3 mg/cm3, the protein ionic
fraction (defined as the equivalent concentration of the pro-
tein divided by the total ion concentration) is only about
0.11 in 20 mM sodium acetate, making any electrostatic con-
tribution to transport in solution unlikely. Another possibility
is that transport is dominated by surface or homogeneous dif-
fusion. This could also explain the high De,app/D0-values.
However, surface or homogeneous diffusion would predict
smooth profiles,13–15 quite unlike those observed experimen-
tally in our case. A final possibility is the existence of paral-
lel pore and surface diffusion mechanisms.24 However, while
such mechanism could describe the macroscopically observed
concentration dependence and magnitude of the De,app/D0

ratio, it would predict concentration profiles exhibiting a
sharp front followed by a smooth profile, exactly the opposite
of what we see experimentally.

A new model is thus proposed to describe the experimen-
tal behavior based on the following hypotheses:

(1) The protein is first weakly partitioned into the pores
and then binds strongly on the surface. The strongly bound
and weakly partitioned amounts are given by qa and qp,
respectively, as determined from the adsorption isotherm;

(2) Transport occurs by diffusion with a driving force
given by the gradient in qp. The strongly bound protein is
assumed to be immobile; and

(3) The effective diffusion coefficient in the pores is con-
stant and is expected to be similar to that determined from
the pulse response experiments under nonbinding conditions.

A pictorial representation of the conceptual model is
shown in Figure 7. The solid lines represent the negatively
charged agarose matrix. Gray circles represent the protein
molecules strongly bound to the agarose backbone, whereas
open circles represent protein molecules favorably partitioned
in a diffuse electrical double-layer within the liquid-filled
pore space. The former molecules, present in concentration
qa, are considered to be immobile, whereas the latter ones,
present in concentration qp, are assumed to possess diffu-
sional mobility of a magnitude similar to that observed for
nonbinding conditions. The postulated existence of two fami-
lies of protein molecules is qualitatively consistent with the
shape of the isotherms. As seen from the results in Table 2,

Figure 3. Concentration profiles of 2 mg/cm3 myoglo-
bin adsorbed in gels with different agarose
contents.

Insets show the corresponding digitized gray-scale images.
(a) 4%, (b) 6%, and (c) 9% agarose.

Figure 4. Uptake curves for myoglobin obtained from
the microscopic adsorption experiments in
gels with different agarose contents.

q represents the average protein concentration over a 0.1
cm length. Lines are based on the shrinking core model Eq.
3 with apparent effective diffusivities from Table 3. (a)
Effect of agarose content at 2 mg/cm3 protein concentra-
tion. (b) Effect of protein concentration for 6% agarose gel.
The 3 mg/cm3 data are from Schirmer and Carta.17
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qa,m, representing the monolayer capacity for the strongly
bound protein molecules, varies approximately in proportion
to the agarose content. In fact, if this capacity is expressed
per unit mass of agarose, we obtain a value of 2.1 6 0.1 g/g
of agarose as an average for the three materials. Ka is also
large for all three, which would be expected for strongly
favorable binding of the protein on the charged agarose
fibers. On the other hand, qp,m, representing the maximum
concentration of protein partitioned in the fluid-filled pore
space also increases with agarose content, which, in turn, is
accompanied by a higher charge density, although the Kp

values are much smaller. We interpret this result as suggest-
ing qp actually corresponds to protein that is partitioned in
the pores in the region of overlapping electrical potentials.

Further evidence that the protein is likely to exist in two
forms within the stationary phase is obtained by considering

the reversibility of the adsorption process in response to
changes in salt concentration. To test this behavior, 6% aga-
rose particles equilibrated with 2 mg/cm3 myoglobin were
exposed to a solution containing 500 mM NaCl at the same
pH. The amount desorbed after 8 h was approximately 20%
of the total, which is consistent with the qp,m-value in Table
2. We surmise that adding salt removes the protein held in
the liquid-filled pore space as a result of highly compressed
electrical double layers, without affecting the protein mole-
cules strongly bound to the charged agarose matrix. Interest-
ingly, most of the protein bound, including the strongly held
component, could be removed by increasing the pH above
the protein pI value.

Figure 5. Chromatographic peaks of myoglobin for
non-retained conditions for gels with differ-
ent agarose contents in 5 mm diameter
columns.

Flow rates were 0.10, 0.25, 0.50, 1.0, and 1.5 cm3/min for (a)
and (b) and 0.10, 0.15, 0.20, and 0.25 cm3/min for (c).

Figure 6. Reduced HETP based on the moment
method for gels with different agarose con-
tents.

Figure 7. Pictorial representation of the partitioning
model.

The concentration gradient of protein partitioned in the
pore liquid, !qp, is the driving force for mass transfer.
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The following equations and boundary conditions are
derived based on the hypotheses mentioned earlier:

@qa
@t

þ @qp
@t

¼ De;appr2qp (4)

z ¼ 0 : De;apprqp ¼ kf C0 � Csð Þ;
Cs ¼ qp;s

Kp qp;m � qp;s
� � (4a)

z ¼ ‘ : rqp ¼ 0 (4b)

where Cs and qp,s are the interfacial values of C and qp,
respectively. Numerical integration is required in general to
solve these equations. However, if KaC � 1, the relationship
between qa and C is essentially rectangular (qa ; qa,m) and a
semi-analytical solution can be obtained as follows. With ref-
erence to Figure 8 for adsorption in a slab, this limiting case
yields a profile that consists of a linear portion followed by
sharp drop. Assuming pseudo steady state, the position of the
front d must satisfy the following material balance:

dM

dt
¼ d

dt
qa;mdþ 1

2
qp;sd

� �
¼ De;appqp;s

d
(5)

where M is the total amount of protein in the gel per unit
cross section. The surface concentration qp,s is obtained from
Eq. 4a. Accordingly,

De;appqp;s
d

¼ kf C0 � qp;s

Kp qp;m � qp;s
� �

" #
(6)

or:

qp;s ¼ 1

2

(
qp;m þ 1þ KpC0

Kp

Bin

� �

� qp;m þ 1þ KpC0

Kp

Bin

� �2

� 4qp;mC0Bin

" #0:5)
(7)

where n 5 d/‘. The derivative of this equation is given by:

dqp;s
dn

¼

Bi

2

1þ KpC0

Kp

�
1þKpC0

Kp
qp;m þ 1þKpC0

Kp
Bin

� �
� 2C0qp;m

qp;m þ 1þKpC0

Kp
Bin

� �2

�4C0qp;mBin

� �0:5
8>>><
>>>:

9>>>=
>>>;

ð8Þ

Finally, combining Eqs. 5 and 7 yields:

tDe;app

‘2
¼

Zn

0

qa;m
qp;s

fþ f
2
þ 1

2

f2

qp;s

dqp;s
df

	 

df (9)

where f 5 z/‘ is the integration variable. This equation is the
counterpart of Eq. 3 for the new model.

The final result is obtained by numerical integration of Eq.
9. Two special cases, however, yield analytical integrals. The
first is when the relationship between qp and C is linear with
slope K 5 qp,mKp, which yields the solution:

tDe;app

‘2
¼ 1

2

qa;m
KC0

n2 þ K

Bi
n

� �

þ 1

4
n nþ 2K

Bi

� �
� 1

2

K

Bi

� �
ln 1þ Bi

K
n

� �
ð10Þ

The second case is when the external resistance is neglected,
which yields the solution:

tDe;app

‘2
¼ qa;m

2
þ 1

4

qp;mKpC0

1þ KpC0

� �
n2 (11)

As an example, Figure 8 compares the profile calculated
from Eq. 8 with that obtained directly from the numerical so-
lution of Eq. 4. The latter was obtained by finite differences.
For these conditions, there is little difference between the
two solutions as the relationship between qa and C is nearly
rectangular.

Comparisons of the new partitioning model with the exper-
imental data for myoglobin adsorption are shown in Figure 9
for the batch uptake rates and in Figures 10 and 11 for the
microscopically observed concentration profiles. The fit of
the microscopically derived uptake curves, q/qmax vs. time is
not shown explicitly, but was essentially indistinguishable
from that based on the shrinking core model depicted in Fig-
ure 4. For the batch case, equations analogous to Eq. 4 were
written in spherical coordinates and solved numerically tak-
ing into account the experimental particle size distribution of
each agarose sample together with the material balance for
bulk liquid. The particle balances were discretized by finite
differences and the global system of ordinary differential

Figure 8. Concentration profiles for the partitioning
model, Eqs. 7–9 at dimensionless time
tDe,app/‘

2 5 0.5 and Bi 5 180.

The dashed line is based on the numerical solution of Eq.
4. Equilibrium parameters used are those for 6% agarose
in Table 2.
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equations for each particle size in the distribution solved
with Gear’s method using IMSL subroutine DIVPAG.

The apparent effective pore diffusivity values obtained
from the partitioning model are summarized in Table 3. As
seen in Figures 9–11, the model matches both the overall
uptake rates quantitatively as well as the concentration pro-
files in an approximate manner. Most importantly, the corre-
sponding apparent effective diffusivity values are in good
agreement with the values obtained from the pulse response
experiments under nonbinding conditions. As a result, the
De/D0 ratio is much less than unity as expected for ordinary
diffusion in the agarose pore matrix. The difference is that
the increased protein concentration in the pores under bind-
ing conditions enhances the overall rate of mass transfer. As
is evident from Figures 10 and 11, the experimental profiles
are not as sharp as those predicted by our simple model. A
possible explanation is that there is also a kinetic resistance
to binding for the strongly adsorbed fraction of the total
adsorbed protein. Such resistance was not included in the
model. Its incorporation could provide a better fit of the pro-
files, but, without additional experimental data or independ-
ent information, would require the simultaneous fit of multi-
ple kinetic parameters.

Discussion

Two critical issues regarding the physical interpretation of
the results of this work need to be addressed. One is the
magnitude of the experimentally determined effective diffu-
sivities. The other is the reason for the assumed favorable
partitioning of the protein in the pores. With regards to the
first issue, the ratio of effective pore diffusivity and free so-
lution diffusivity can be expressed as20:

De

D0

¼ wpep
sp

(12)

where wp is the hindrance factor, ep is the porosity, and sp is
the tortuosity factor of the porous network. The hindrance
parameter depends on the ratio of solute and pore radii

Figure 10. Comparison of experimental (solid lines) and
calculated (dashed lines) concentration pro-
files with 2 mg/cm3 protein concentration
based on the partitioning model with param-
eters in Table 3 for gels with different aga-
rose content.

Profiles are shown at 30, 60, 120, 240, and 480 min. (a)
4% agarose and (b) 9% agarose.

Figure 9. Comparison of experimental and calculated
batch uptake curves based on the partition-
ing model with parameters in Table 3.

(a) Effect of agarose content at 2 mg/cm3 protein concen-
tration. (b) Effect of protein concentration with 6% agarose
gel. The 6% data are from Schirmer and Carta.17
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(km 5 rm/rpore) and can be estimated from the following
equations20,25,26:

wp ¼ 1þ 9

8
km ln km � 1:539km

� �
for km \ 0:2 (13a)

wp ¼ 0:865 1� kmð Þ2 1� 2:1044km þ 2:089k3m � 0:984k5m
� �

for km > 0:2 ð13bÞ

ep is available experimentally for each matrix (see Table 1).
Finally, sp can be estimated from the equation20,27:

sp ¼
2� ep
� �2

ep
(14)

A comparison of these estimates with the experimentally
determined De/D0-values is given in Figure 12, which shows
a plot of the ratio spDe/epD0 vs. km. The latter was based on
rm 5 1.9 nm, obtained from the free solution diffusivity of
myoglobin (D0 5 1.1 3 1026 cm2/s),21 and on the average

Figure 11. Comparison of experimental (solid lines) and calculated (dashed lines) concentration profiles for 6% aga-
rose gels based on the partitioning model with parameters in Table 3 at different protein concentrations.

Profiles are shown at 30, 60, 120, 240, and 480 min. (a) 3.0, (b) 2.0, (c) 1.0, and (d) 0.5 mg/cm3. The experimental profiles are from
Schirmer and Carta.17

Figure 12. Comparison of experimental and predicted
hindrance factors.

Filled symbols are for sp estimated from Eq. 14. Open
symbols are based on sp 5 1.5.
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pore radius obtained by iSEC for the three different agarose

matrices. As the estimation of sp based on Eq. 14 is rela-

tively uncertain, the figure also shows the spDe/epD0-ratios

calculated with a typical value of sp 5 1.5. As seen in this

figure, the agreement is quite reasonable indicating that the

apparent effective diffusivities determined from the pulse

response experiments and from the partitioning model fit of

the batch and slab adsorption data are consistent with hin-

dered diffusion in the agarose pore network.

With regards to protein partitioning in the pores at low
ionic strength, approximate theories are available for spheri-
cal colloids in idealized cylindrical pores.28,29 Accordingly,
partitioning is affected by interactions of the charged colloid
with the electrical double layer surrounding the pore wall
and can be favorable, for example, when the colloid and sur-
face charges are opposite. Although an exact prediction is
beyond the scope of this work, it is well established that the
possibility of favorable partitioning depends on the thickness
of the electrical double layer, which scales with the Debye
length30:

kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ere0RT
2F2I

r
(15)

For our conditions at 20 mM ionic strength kD ; 2.2 nm.
Thus, as the diffuse double layer extends well beyond the
Debye length, especially in spherical or cylindrical pores,31 it
is apparent that the electrical potentials overlap in the small
pores of our matrices, supporting the underlying assumption
of favorable partitioning of the positively charged myoglobin.
Increasing I to 520 mM, as in our pulse response experi-
ments, reduces kD to about 0.43 nm, thereby making the
electrical potential in the bulk of the pore essentially zero,
thus largely suppressing favorable partitioning of the protein
the pore liquid. From a physical viewpoint, the qp in our
model corresponds to the protein partitioned in the pores. Its
magnitude varies between 13.8 and 36.6 mg/cm3, averaged
over the particle volume for agarose contents between 4 and
9%. As seen in Table 1, the higher agarose content is accom-
panied by a higher charge density which could explain the
greater values of qp obtained for the higher agarose content
as a result of the more favorable partitioning of the protein
associated with the stronger electrical potential field within
the liquid-field pore space.

Conclusions

Myoglobin adsorption and transport in negatively charged
agarose gels complies consistently with a mechanism involv-
ing partitioning of the protein in the pore liquid followed by
strong binding on the surface. As a result, microscopically
determined concentration profiles in the gel consist of a
nearly linear decline followed by a sharp front. A new model
has been developed to describe this behavior. The model suc-
cessfully predicts the experimental trends with effective pore
diffusivities that are in agreement with those determined
from pulse response experiments under nonbinding condi-
tions, indicating that the basic nature of diffusive transport is
the same in both cases. The main difference is partitioning
of the protein in the pores, which is favorable at low ionic

strength giving a greater driving force and a faster rate of
mass transfer under adsorbing conditions.
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Notation

Bi5Biot number (5kf‘/De,app)
C5 concentration in the fluid phase, mg/cm3

C05 initial concentration in the fluid phase, mg/cm3

CV5number of column volumes
dp5 average particle diameter, cm
D05 free solution diffusivity, cm2/s
De5 effective pore diffusivity, cm2/s
F5Faradays constant
h5 reduced height equivalent to theoretical plate (5HETP/dp)
I5 ionic strength
K5Langmuir isotherm parameter, Eq. 2
kf5 external film mass transfer coefficient, cm/s
‘5 length of slab, cm

Mr5protein molecular mass, kDa
q5protein concentration in gel, mg/cm3

q5protein concentration in gel average over length, mg/cm3

qm5Langmuir isotherm adsorption capacity, mg/cm3

qmax5maximum total adsorbed concentration, mg/cm3

rp5 average particle radius, cm
rpore5 average pore radius, nm
rm5protein radius, nm
Sh5Sherwood number (5 kfdp/D0)
t5 time, s
v5 interstitial velocity, cm/s
v0 5 reduced velocity (5vdp/D0)
z5 axial coordinate, cm

Greek letters

d5position of adsorption front, cm
e5 extraparticle porosity
ep5 intraparticle porosity
kD5Debye length
km5 ratio of protein and pore radii
sp5 tortuosity factor
n5dimensionless position of adsorption front (5d/‘)
f5dimensionless axial coordinate (5z/‘)

wp5diffusional hindrance parameter, Eq. 13
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