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Transportmodels are developed for the adsorption ofmonoclonal antibody charge variants in cation exchange columns for two
different matrices: UNOsphere S, which has a macroporous architecture, and Capto S, which contains charged dextran
polymers grafted to an agarose matrix. The UNOsphere S protein adsorption kinetics is described by a macropore diffusion
model with effective pore diffusivity De¼ 8.3� 10�8 cm2/s, which successfully predicts resolution of charge variants by frontal
analysis at residence times, L/u, between 0.9 and 5.4 min. The Capto S adsorption kinetics is very fast for individual charge
variants and for coadsorption of their mixtures, but is dramatically slower for sequential adsorption, when a more strongly
bound variant displaces a more weakly bound one. A Maxwell-Stefan model assuming single-file diffusion predicts, in
agreement with experiments, poor resolution of charge variants by frontal analysis even at long residence times as a result of
highly hindered counterdiffusion. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 2503–2511, 2012
Keywords: monoclonal antibody charge variants, ion exchange, multicomponent adsorption kinetics, mass transfer
modeling, diffusion

Introduction

The chromatographic separation of the charge variants of
monoclonal antibodies (mAbs) and other proteins is an im-
portant industrial problem.1 Such variants can be formed as
a result of post-translational modifications such as deamida-
tion, which transforms asparagine and glutamine residues
into negatively charged aspartic and glutamic acid residues.
As the resulting isoforms can have reduced activity and/or
stability, their separation is often desirable. Cation exchange
chromatography is ideally suited for this purpose since the
separation is due to electrostatic interactions with the station-
ary phase, which, in turn, are affected by the protein charge.

While several authors have demonstrated resolution of
mAb charge variants using high-performance analytical cation
exchange columns2–4 our prior work has focused on stationary
phases suitable for low-pressure chromatography at the pro-
cess scale and at high protein loads.5–6 Two different station-
ary phases were tested in the prior work for their ability to
adsorb and separate the deamidated isoforms of a mAb. The
first of these stationary phases, UNOsphere S (Bio-Rad Labo-
ratories, Hercules, CA), is a macroporous, polymer-based cat-
ion exchanger, while the second, Capto S (GE Healthcare,
Piscataway, NJ) is an agarose matrix with charged dextran

grafts. Although both matrices exhibited substantial selectiv-
ity, showing a distinct preference for binding the less deami-
dated forms, binding capacity and adsorption kinetics were
strikingly different between the two gels. For UNOsphere S,
the binding capacity was found to be limited by the pore sur-
face area and the kinetics of adsorption to be controlled by
the slow diffusion of mAb molecules in the particle macro-
pores. Thus, a pore diffusion model with instantaneous
exchange of one adsorbed variant for another was found to be
consistent with the data. This model could accurately predict
the adsorption kinetics for single-component and multicompo-
nent systems regardless of the sequence of exposure of the
particle to the different components; i.e., both for coadsorp-
tion of multiple isoforms and for sequential adsorption, when
a more strongly adsorbed variant added later displaced a more
weakly bound species that had previously been adsorbed.

For Capto S, on the other hand, the binding capacity for
each of the variants was much higher than that for UNO-
sphere S, and this result was attributed to the improved
access to negatively charged functional groups provided by
the dextran grafts that appear to function as surface extend-
ers. The adsorption kinetics was also much faster than that
observed for UNOsphere S, but only for the cases of adsorp-
tion of individual variants or for simultaneous coadsorption
of multiple variants on a clean particle. In contrast, sequen-
tial adsorption (addition of more strongly bound variant to
beads already containing the weakly bound form) was
instead dramatically slower likely as a result of extremely
slow mass transfer. The faster kinetics observed for the
single-component adsorption and simultaneous coadsorption

Correspondence concerning this article should be addressed to G. Carta at
gc@virginia.edu.

Current address for Yinying Tao: Biogen Idec, Inc., 5000 Davis Drive, Research
Triangle Park, NC 27709.
Current Address for Nianyun Chen: Shire, 700 Main St. Cambridge, MA 02139.

VVC 2011 American Institute of Chemical Engineers

AIChE Journal 2503August 2012 Vol. 58, No. 8



cases was attributed to interactions with the charged dextran
grafts through a mechanism commonly referred to as ‘‘solid’’
or ‘‘adsorbed phase’’ diffusion. The latter occurs, for exam-
ple, when adsorbed molecules can ‘‘hop’’ from one adsorp-
tion site to another or continuously migrate along a surface
or in a gel phase.7–8 Although either hopping or migration
rates can be expected to be low, resulting in low mobility, in
both cases the driving force, being proportional to the
adsorbed protein concentration, is large, resulting in rapid
overall mass transfer kinetics.9 Obviously, such a mechanism
can be expected to depend on the composition of the
adsorbed phase and on the direction of transport. Thus, while
a Fickian diffusion model with an adsorbed concentration
driving force could describe the Capto S results for the sin-
gle component and coadsorption cases, it completely failed
to predict the much slower sequential adsorption behavior,
likely as a result of a highly hindered counterdiffusion pro-
cess within the dextran grafts.

We also recently confirmed the vastly different behavior
of UNOsphere S and Capto S at the microscopic level using
confocal laser scanning microscopy (CLSM) to visualize the
movement of fluorescently labeled deamidated mAb iso-
forms within the particles.10 UNOsphere S showed sharp
intraparticle concentration profiles for one-component
adsorption consistent with the shrinking-core model, and dis-
placement of a more weakly adsorbed isoform by a more
strongly adsorbed one during binary coadsorption, which
resulted in a temporary accumulation of the more weakly
bound variant in the center of the particle. Displacement
within the particle was also observed for sequential adsorp-
tion of the two variants on UNOsphere S with a sharp front
of the more strongly bound variant progressing toward the
particle center. Capto S, on the other hand, showed smooth
concentration profiles within the particle and very rapid
approach to equilibrium for both one-component and binary
coadsorption cases on time scales similar to those observed
in batch adsorption experiments. However, only a small per-
centage of the weakly bound variant was desorbed in the se-
quential adsorption case in a manner both qualitatively and
quantitatively consistent with the batch sequential adsorption
results.

From a practical viewpoint, the focus of industrial interest
is on predicting the behavior of chromatography columns,
which requires a description of both equilibrium and mass-
transfer effects. This is relatively straightforward as long as
a suitable model is available. Since in a typical column pro-
cess, coadsorption and displacement of one adsorbed variant
by another occur simultaneously in different parts of the col-
umn, the model must be able to accurately describe adsorp-
tion kinetics regardless of the direction of transport within
the particles. The objective of this work is, thus, twofold.
The first objective is to extend and validate experimentally
the previously developed pore diffusion model for columns
packed with UNOsphere S. The second objective is to de-
velop a new model capable of describing the complex
adsorption kinetics of Capto S and extend this new model to
the prediction of column behavior.

Materials and Methods

UNOsphere S and Capto S were obtained from Bio-Rad
Laboratories (Hercules, CA,) and GE Healthcare (Piscat-
away, NJ), respectively. UNOsphere S is polymer-based and
has an open macroporous structure with an apparent pore

radius around 60 nm based on the exclusion limit determined
by inverse size exclusion chromatography (iSEC) as
described by Hagel et al.11 Capto S consists of agarose
grafted with ionically functionalized dextran polymers.
Based on iSEC, the apparent pore radius of Capto S at low
ionic strength (20 mmol/L Naþ, which corresponds to a con-
ductivity of about 1.7 mS/cm at 25�C) is about 5 nm, which
is very similar to the mAb hydrodynamic radius. Because
the pores are too small to permit ready diffusion of the mAb
in the liquid phase, it is apparent that molecular diffusion in
Capto S must occur through continuous interactions with the
charged dextran graft layer. Mean particle diameters were 75
and 89 lm for UNOsphere S and Capto S, respectively.5

As described by Tao et al.5 different fractions of a deami-
dated mAb mixture were separated by cation exchange chro-
matography using a Source 30S column from GE Healthcare
(Piscataway, NJ). Fraction 2, which is more deamidated and
has lower net positive charge, and Fraction 3, which is less
deamidated, were used in this work. Experiments were car-
ried out with the purified variants as well as with mixtures
of the two variants in a 10 mmol/L Na2HPO4 buffer at pH
7.5. At this pH both stationary phases preferentially adsorbed
the less deamidated species, Fraction 3.

Frontal loading column experiments were done by flow-
packing each stationary phase in 5 mm dia. TricornTM col-
umns from GE Healthcare with lengths between 23 and 55
mm, operated at flow rates between 0.2 � 10�3 and 1.2 �
10�3 L/min (corresponding to superficial velocities between
61 and 370 cm/h). The corresponding residence times were
between 0.9 and 5.4 min. An ÄKTA Explorer 10 unit from
GE Healthcare was used to provide flow of equilibration
buffer, protein load, and elution buffer (10 mmol/L
Na2HPO4 þ 1 mol/L NaCl at pH 7.5). Eluent samples
were collected with the ÄKTA fraction collector and ana-
lyzed by cation exchange chromatography as described in
Tao et al.5 All experiments were conducted at room temper-
ature, 23 � 2�C.

Results

Adsorption equilibrium

Adsorption equilibrium data were obtained for each mAb
fraction and their mixtures by Tao et al.5 and are described
by the steric mass action model of Brooks and Cramer.12

Accordingly, equilibrium is described by the following
equation

Ci ¼ qi=q0

Ke;iq
zi�1

0

C
zi
I

1�P
j

zj þ rj
� � qj

q0

" #zi (1)

where Ci is the protein solution phase concentration, qi the
adsorbed protein concentration, Ke,i is the equilibrium constant
describing the exchange of protein for a monovalent counter-
ion, CI is the concentration of counterions (Naþ, in our case),
q0 the concentration of ionogenic groups in the adsorbent, zi is
the protein binding charge, and ri is the steric hindrance factor.
The latter describes the number of functional groups that are
blocked by each bound protein molecule. Model parameters
used in this work are summarized in Table 1. Note that, since
adsorption is favorable and the solutions considered are dilute,
we do not distinguish between protein molecules that are
adsorbed and those that are merely held in the macropore fluid.
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Thus, in practice, qi is essentially coincident with the total
protein concentration in the particle.

Adsorption Kinetics and Column Behavior

Results for UNOsphere S

Figure 1 shows representative batch adsorption kinetics
results obtained for UNOsphere S by Tao et al.6 for single-
component adsorption, coadsorption, and sequential adsorp-
tion. As seen from this figure, all three processes occur over
similar time scales and in all three cases equilibrium is
attained in about 6,000 s. Predictions are shown based on
the pore diffusion model of Tao et al.6 which assumes that
the diffusion fluxes for each component are independent of
the others and proportional to that component’s concentra-
tion gradient in the pore fluid !ci. Accordingly, the flux Ji,
is given by

Ji ¼ �De;irci (2)

where Dei is the effective pore diffusivity. Batch adsorption in
spherical particles is then described by the following set of
equations and boundary conditions:

@qi
@t

¼ De;i

r2
@

@r
r2
@ci
@r

� �
(3)

@ci
@r

����
r¼0

¼ 0 (3a)

De;i
@ci
@r

����
r¼rp

¼ kf ;i Ci � cijr¼rp

� �
(3b)

V
dCi

dt
¼ � 3VM

rp
De;i

@ci
@r

����
r¼rp

(4)

Cijt¼0¼ C0;i (4a)

where Ci is the protein concentration in the bulk liquid, qi is
the adsorbed protein concentration, is the external boundary
layer mass-transfer coefficient, V and VM, the solution and
adsorbent volumes, respectively, and rp the particle radius. qi
and ci are assumed to be in equilibrium locally within the
particle with their relationship expressed by Eq. 1. The model
equations were solved numerically as discussed by Tao et al.6

As seen in Figure 1, the pore diffusion model describes all
three cases with an effective pore diffusivity De ¼ 8.3 � 10�8

cm2/s, and kf ¼ 0.0015 cm/s for both variants, both determined
as described by Tao et al.6 Similar values of both De and kf are
obtained for the two variants since their molecular size is
essentially the same and their charge is very similar. The
corresponding Biot number (Bi ¼ kfrp/De) is around 70,
indicating that the external resistance is negligible under these
conditions.13–14

The column results are shown in Figures 2 and 3 for sin-
gle-component and two-component adsorption, respectively, at
different residence times. Plots are shown in terms of effluent
protein concentration divided by the feed concentration, as a
function of total protein loaded per unit column volume. For
the single-component case, the breakthrough curve becomes
shallower as the residence time decreases from 5.4 to 0.9
min. As a result, the dynamic binding capacity at 10% of
breakthrough decreases from about 68 g/L at 5.4 min resi-
dence time to about 40 g/L at 0.9 min. For the two-compo-
nent case (Figure 3), an overshoot or ‘‘roll-up’’ of the more
weakly binding Fraction 2 is observed. This occurs as a result
of reversible competitive binding of the two variants which
causes Fraction 2 to accumulate downstream of the feed front
in the column, only to be ultimately displaced by Fraction
3.13–14 The breakthrough curves for the two-component case
also become shallower as the residence time decreases, and
the overshoot or ‘‘roll-up’’ of the more weakly binding Frac-
tion 2 becomes less pronounced. On the other hand, even at
0.9 min residence time, Fraction 2 emerges from the column
with substantial purity and attaining a peak concentration
about 1.4 times the feed value. Figure 4 shows the results for
different ratios of the two variants in the feed at a residence
time of 0.9 min. Steeper curves are obtained at higher load
ratios of Fraction 3 to Fraction 2, with Fraction 2 reaching a
peak concentration of about 1.5 times the feed value. This
improvement occurs because the higher relative concentration
of Fraction 3 results in faster mass transfer and easier dis-
placement of Fraction 2.

Figure 1. Batch adsorption kinetics of UNOsphere S.

(a) Single-component adsorption of mAb Fractions 2 and 3 from 1 g/L solutions, (b) coadsorption of mAb Fractions 2 and 3 from

a solution containing 1 g/L of each variant, and (c) Sequential adsorption of Fraction 3 from a 1 g/L solution of Fraction 3 on par-

ticles pre-equilibrated in a 1 g/L solution of Fraction 2. Data are from Tao et al.
6
Lines show predictions of the pore diffusion

model with De ¼ 8.3 � 10
�8

cm
2
/s.

Table 1. SMA Isotherm Parameters based on Tao et al5

UNOsphere S
(q0 ¼150 mmol/L)

Capto S
(q0 ¼ 220 mmol/L)

Fraction Ke z r Ke z r

2 3.7�10�2 7.0 122 0.7�10�4 8.3 69
3 15.4�10�2 7.0 122 5.4�10�4 8.3 69
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Modeling the column behavior requires coupling Eqs. 1
and 3 with material balances for the column. Assuming plug
flow and neglecting axial dispersion, the latter can be written
as follows

e
@Ci

@t
þ 1� eð Þ @qi

@t
þ u

@Ci

@x
¼ 0 (5)

Cijt¼0¼ 0; qijt¼0¼ 0; Cijx¼0¼ CF;i (5a)

@qi
@t

¼ kf ;i Ci � cijr¼rp

� �
(6)

In these equations � is the extraparticle porosity (assumed
to be 0.3, based on the results in Tao et al.5–6), q the parti-
cle-averaged adsorbed concentration, x the axial coordinate, t
the time, and CF,i the feed concentration. A numerical solu-
tion of these equations was obtained using finite differences
as discussed by Carta and Lewus.15 Model predictions are
shown in Figures 2–4, using the parameters determined in
the batch adsorption experiments, De ¼ 8.3 � 10�8 cm2/s
and kf ¼ 0.0015 cm/s. Since Bi is large, the results are
insensitive to the precise value of kf. Thus, De is the main
determinant of the effects of residence time. In fact, based
on the large Bi, it is clear that a simplified model,

neglecting the external resistance could be used with little
error in lieu of the full model. Nevertheless, since the
additional computational burden is minimal, the full model
was used. Predictions with no adjustable parameters are
quite accurate for both single- and two-component cases
over a broad range of conditions indicating that the model
provides an adequate description of the physical phenom-
ena involved.

Results for Capto S

Figure 5 shows representative batch adsorption kinetic
results obtained for Capto S by Tao et al.6 for single-compo-
nent adsorption, coadsorption, and sequential adsorption. As
seen from this figure, single- and two-component coadsorp-
tion occur over similar time scales (ca. 4,000 s), significantly
shorter than for the corresponding UNOsphere S experiments
despite the higher binding capacity and larger particle size
of Capto S. These results suggest much faster mass transfer
in Capto S compared to UNOsphere S. Much slower rates
are obtained, however, for the sequential adsorption case
(Figure 5c), when particles saturated with Fraction 2 were
subsequently exposed to Fraction 3. In this case, even after
6,000 s, the process is far from completion suggesting that
transport during the displacement of Fraction 2 by Fraction 3
is severely hindered.

The model used by Tao et al.6 to describe the Capto S
rate data assumed constant diffusivities and uncoupled diffu-
sion fluxes, with the driving force written in terms of the
gradient of adsorbed protein concentration !qi. Accordingly,
the mass-transfer flux is given by

Ji ¼ �Ds;irqi (7)

where Ds,i is a Fickian surface or adsorbed-phase diffusivity,
assumed to be constant. The adsorption kinetics in spherical
particles is, thus, described for each component by the
following equations and boundary conditions

@qi
@t

¼ Ds;i

r2
@

@r
r2
@qi
@r

� �
(8)

@qi
@r

����
r¼0

¼ 0 (8a)

Figure 4. Two-component breakthrough curves of mix-
tures containing (a) 1.5 g/L of mAb Fraction 2
and 0.5 g/L of mAb Fraction 3, and (b) 0.5 g/L
of mAb Fraction 2 and 1.4 g/L of mAb Frac-
tion 3 for a UNOsphere S column at a 0.9 min
residence time.

The column length was 23 mm. Lines show predictions

of the pore diffusion model with De ¼ 8.3 � 10�8 cm2/s.

Figure 2. Single-component breakthrough curves of 2
g/L mAb Fraction 3 for a UNOsphere S col-
umn at different residence times (RT 5 L/u).

The column length was 55 mm. Lines show predictions

of the pore diffusion model with De ¼ 8.3 � 10
�8

cm
2
/s.

Figure 3. Two-component breakthrough curves of a
mixture containing 1 g/L each of mAb Frac-
tion 2 and 3 for UNOsphere S columns at dif-
ferent residence times (RT5L/u).

Column lengths were 55 and 23 mm for (a) and (b),

respectively. Lines show predictions of the pore diffusion

model with De ¼ 8.3 � 10
�8

cm
2
/s.
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V
dCi

dt
¼ � 3VM

rp
Ds;i

@qi
@r

����
r¼rp

(9)

Cijt¼0¼ C0;i (9a)

Model predictions obtained from these equations are
shown in Figure 5, as previously presented by Tao et al.6

with Ds ¼ 4.0 � 10�9 cm2/s. As seen in this figure the
model describes both single-component and two-component
adsorption kinetics with relative accuracy. However, it com-
pletely fails to describe the sequential adsorption case, pre-
dicting rates that are much faster than those observed experi-
mentally.

The Capto S column results are shown in Figures 6 and 7
for single-component and two-component adsorption, respec-
tively, at different residence times. For the single component
case, the breakthrough curves are very steep. Correspond-
ingly, the dynamic binding capacity at 10% of breakthrough

is nearly constant, decreasing only from about 147 to about
140 g/L when the residence time is reduced from 5.2 to 0.9
min. This result is consistent with the rapid adsorption
kinetics observed in the batch experiments. Model predic-
tions obtained by coupling Eq. 8 with Eqs. 5 and 6 using the
value of Ds ¼ 4 � 10�9 cm2/s determined from the batch
uptake experiments are also shown in Figure 6. For this
case, predictions without adjustable parameters are again in
good agreement with the experimental result. Very different
results are obtained, however, for two-component loading, as
seen in Figure 7. In this case, despite the rapid kinetics
observed for single component adsorption, there is almost no
difference in the breakthrough profiles of the two variants at
a 0.9 min residence time. A more substantial overshoot of
Fraction 2 is obtained at a 5.2 min residence time. However,
even at this longer residence time, the two variants initially
coelute followed by a very long approach to column satura-
tion with the feed mixture as Fraction 3 very slowly displa-
ces Fraction 2. Model predictions based on Eqs. 5, 6, and 8
with Ds ¼ 4 � 10�9 cm2/s are also shown in Figure 7. Obvi-
ously the model unrealistically predicts a much more pro-
nounced overshoot and much greater purity for the more
weakly bound Fraction 2 than are observed experimentally.

The inability of the current model to predict counterdiffu-
sion suggests that transport of multiple species in Capto S
cannot be considered as occurring with either constant Fick-
ian diffusivities or with uncoupled diffusion fluxes. A new

Figure 5. Batch adsorption kinetics of Capto S.

(a) Single-component adsorption of mAb Fractions 2 and 3 from 1 g/L solutions, (b) coadsorption of mAb Fractions 2 and 3 from

a solution containing 1 g/L of each variant, and (c) Sequential adsorption of Fraction 3 from a 1 g/L solution of Fraction 3 on par-

ticles pre-equilibrated in a 1 g/L solution of Fraction 2. Data are from Tao et al.
6
Lines show predictions of the solid-diffusion

model with constant diffusivity Ds ¼ 4.0 � 10�9 cm2/s.

Figure 6. Single-component breakthrough curves of 2
g/L mAb Fraction 3 for a Capto S column at
different residence times (RT5L/u).

The column length was 53 mm. Lines show predictions

of the solid-diffusion model with constant diffusivity Ds

¼ 4.0 � 10
�9

cm
2
/s.

Figure 7. Two-component breakthrough curves of a
mixture containing 1 g/L each of mAb Frac-
tion 2 and 3 for Capto S columns at different
residence times (RT 5 L/u).

Column lengths were 53 and 23 mm for (a) and (b),

respectively. Lines show predictions of the solid-diffusion

model with constant diffusivity Ds ¼ 4.0 � 10
�9

cm
2
/s.
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model that can consistently describe one-component, coad-
sorption, and sequential adsorption behavior and that can be
used to predict column behavior is thus developed in the fol-
lowing section.

New Model Development

The kinetic behavior of Capto S resembles qualitatively
the behavior observed for adsorption in zeolitic structures
when the size of the adsorbate approaches the zeolite chan-
nel size. In this case, molecules cannot pass each other and
transport is thought to occur through a so-called ‘‘single-file
diffusion’’ (SFD) mechanism. Accordingly, diffusion is
highly dependent on occupancy of the adsorption sites and is
expected to decrease rapidly as a function of coverage. Sev-
eral approaches have been introduced to describe these
effects.16–21 Following van den Broeke21 multicomponent
mass transfer in such pores can be described by the Max-
well-Stefan model. Accordingly, the vector of diffusion
fluxes J, is given by

J ¼ �B�1Crq (10)

where B�1 is a matrix of Maxwell-Stefan diffusivities, and C a
matrix of thermodynamic factors expressing the relationship
between the chemical potential driving force and the
concentration-based driving force !q. For a two-component
system comprising species A and B, neglecting cross-
coefficients in the diffusivity matrix, Eq. 10 yields21

J ¼ � Ds;A qA;qB
� �

0

0 Ds;B qA;qB
� �	 
 qA

RT
@lA
@qA

qA
RT

@lA
@qB

qB
RT

@lB
@qA

qB
RT

@lB
@qB

" #
rq

(11)

where Ds;iðqA; qBÞ and li are the Maxwell-Stefan diffusivity
and the chemical potential, respectively, of component i. The
former are theoretically related to ‘‘hopping’’ or migration
rates,8,21 while the latter, neglecting activity coefficients, are
related to the adsorbate concentration in solution Ci, through
the following equation

li ¼ l0i þ RTlnCi (12)

Accordingly, we have

qi
RT

@li
@qj

¼ qi
Ci

@Ci

@qj
(13)

where the partial derivatives qCi/qqj are obtained from the
adsorption isotherm. The effects of the cross-coefficients in
the diffusivity matrix can be significant for certain
conditions22. However, as discussed, by Krishna and van
den Broeke23 and Gavalas24 these terms are usually
neglected for SFD since the possibility of adsorbed
molecules exchanging place is not likely. The final result
in scalar form, neglecting these terms, is given by the
following equations:

JA ¼ �Ds;A qA; qBð Þ qA
CA

@CA

@qA
rqA þ @CA

@qB
rqB

� �
(14)

JB ¼ �Ds;B qA; qBð Þ qB
CB

@CB

@qA
rqA þ @CB

@qB
rqB

� �
(15)

Application of the latter relationships requires both the
definition of the adsorption isotherm, which appears through
the partial derivatives qCi/qqj, as well as the composition de-
pendence of the Maxwell-Stefan diffusivities Ds;i qA; qBð Þ.
For the latter van den Broeke21 suggests two limiting cases.
The first, corresponding to free surface or solid-phase diffu-
sion, is a maximum mobility case, where the Ds;i values are
assumed to be constant. The second case corresponds to sin-
gle-file diffusion and occurs when the adsorbed molecules
cannot pass each other as a result of spatial constraints intro-
duced by the adsorbent matrix. In this case, the mobility of
adsorbed molecules is dependent on the probability of an
empty adjacent adsorption site. Obviously, this probability
and, hence, the mobility of the adsorbed molecules,
decreases as the occupancy of adsorption sites increases. The
final result depends on the shape of the adsorption isotherm.
Two cases are considered: the Langmuir isotherm and the
SMA model.

Systems described by the Langmuir isotherm

The well-established result for the Langmuir isotherm16–17,21

is briefly presented for comparison purposes. In this case the
multicomponent isotherm is given by

Ci ¼ qi=qm

Ki 1�P
j

qj
qm

 ! (16)

where qm is the ‘‘monolayer’’ binding capacity, and Ki the
equilibrium constant. Equations 14 and 15 yield

JA ¼ �Ds;A qA; qBð Þ
1�P

j

qj
qm

1� qB
qm

� �
rqA þ qA

qm
rqB

	 

(17)

JB ¼ �Ds;B qA; qBð Þ
1�P

j

qj
qm

qB
qm

rqA þ 1� qA
qm

� �
rqB

	 

(18)

For the SFD case, the composition dependence of the
Maxwell-Stefan diffusivity is given by the following
equation21

Ds;i qA;qB
� � ¼ Ds;i 0ð Þ � Pi qA; qBð Þ (19)

where Ds;i 0ð Þ is the Maxwell-Stefan diffusivity at zero
coverage, and Pi(qA, qB) is the probability of an empty nearest
neighbor adsorption site. For the Langmuir isotherm, with
each component occupying a single adsorption site, this
probability is simply

Pi qA; qBð Þ ¼ 1�
X
j

qj
qm

(20)

It can be seen that the product of eq. 20 times Ci is pro-
portional to an adsorption rate while the term qi/qmKi is
proportional to a desorption rate. Equating the two rates
yields Eq. 16. The final result is given by the following
equations

JA ¼ �Ds;A 0ð Þ 1� qB
qm

� �
rqA þ qA

qm
rqB

	 

(21)
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JB ¼ �Ds;B 0ð Þ qB
qm

rqA þ 1� qA
qm

� �
rqB

	 

(22)

It can be seen that these equations predict that mass trans-
fer rates are influenced by whether adsorption takes place
with one or two components and by the direction of trans-
port radially within the particle. For a one-component
system, the equivalent Fickian diffusivity Ds;i ¼ Ji=rqi ¼
Ds;i 0ð Þ is predicted to be a constant, independent of adsorbed
concentration. For coadsorption on an initially clean adsorb-
ent, both fluxes remain finite and transport is predicted to
occur at rates similar to the one-component case. Finally, for
sequential displacement, when the adsorbent is initially
nearly saturated with component B and then exposed to
component A, the flux of the counterdiffusing species is pre-
dicted to become vanishingly small as qB/qm ! 1 and qA/qm
is initially zero.

Systems described by the SMA model

For the SMA model, Eqs. 1, 14, and 15 yield the follow-
ing result25

JA ¼ �Ds;A qA; qBð Þ qI þ zA zA þ rAð ÞqA
qI

rqA þ zA zB þ rBð ÞqA
qI

rqB

	 

(23)

JB ¼ �Ds;B qA; qBð Þ zB zA þ rAð ÞqB
qI

rqA þ qI þ zB zB þ rBð ÞqA
qI

rqB

	 

(24)

where qI ¼ q0 �
P
j

zj þ rj
� �

qj is the concentration of adsor-
bate-free functional groups on the ion exchanger. Since this
treatment is for ion exchange, the latter are, of course, assumed
to be occupied by counterions, which are present in solution in
concentration CI, in order to maintain electroneutrality. For the
composition dependence of the Maxwell-Stefan diffusivities,
we assume

Ds;i qA;qB
� � ¼ Ds;i 0ð Þ � Pi qA; qBð Þ ¼ Ds;i 0ð Þ � 1�

X
j

zj þ rj
� � qj

q0

" #zi

(25)

This relationship is empirical, but can be justified as
follows. For the SMA model, since each adsorbed protein
occupies zi þ ri functional groups, the probability Pi(qA, qB)
is less than 1�Pj zj þ rj

� �
qj
�
qm since not all adsorbate-

free functional groups are in clusters of the required size
zi þ ri. Unfortunately, an exact expression for Pi does not
seem to exist for this case. However, a reasonable assump-

tion is to take Pi qA;qB
� � ¼ 1�Pj zj þ rj

� � qj
q0

h izi
. In this

case, in the context of the SMA model, the product Ci�
1�Pj zj þ rj

� � qj
q0

h izi
is proportional to the forward rate of

exchange of adsorbate i for counterions, while the term

qiC
zi
I

�
Keq

zi
0 is proportional to the reverse exchange rate.

Equating the two rates yields Eq. 1. Thus, the assumed prob-
ability is consistent with the formalism of the SMA iso-
therm. Obviously, for zi ¼ 1 and ri ¼ 0 (i.e., monovalent
exchange without steric hindrance), Eqs. 23–25 reduce to
their Langmuir counterpart (Eqs. 21 and 22). For other
cases, the predicted fluxes are expected to follow trends
similar to the Langmuir case, but with a quantitatively

different dependence on composition. In the limit where

1�Pj zj þ rj
� �

qj
�
q0 ¼ 0, obtained when CI ! 0, Eq. 25

predicts zero Maxwell-Stefan diffusivities. In practice, how-
ever, this does not occur in our experimental system since
there is always a finite concentration of counterions associ-
ated with the buffer.

Model Predictions for Capto S

Predictions of the batch adsorption kinetics with the SFD
model are obtained from the following material balances and
boundary conditions:

@qi
@t

¼ � 1

r2
@

@r
r2Ji
� �

(26)

@ci
@r

����
r¼0

¼ 0 (26a)

Jijr¼rp
¼ kf ;i Ci �

qijr¼rp

.
q0

Ke;iq
zi
0

�
Czi
I

� �
1�P

j
zj þ rj
� �

qj
��
r¼rp

.
q0

" #zi
0
BBBB@

1
CCCCA

(26b)

V
dCi

dt
¼ � 3VM

rp
Jijr¼rp

(27)

Cijt¼0¼ C0
i (27a)

where the fluxes Ji, are given by Eqs. 23–25. Model
predictions based on Ds(0) ¼ 4.5 � 10�8 cm2/s, obtained by
fitting the single component data for both variants and kf ¼
0.0015 cm/s, as previously determined,6 are shown in Figure 8.
Other parameters are also as previously determined. Although
the single component and two-component co-adsorption
predictions are virtually the same, the Ds(0)-value obtained
for the SFD model (4.5 � 10�8 cm2/s) is different from the
value of Ds determined for the constant Fickian diffusivity
model (Eqs. 3 and 4; Ds ¼ 4.0 � 10�9 cm2/s) since the two
models express the flux with different driving forces. Unlike
the constant Fickian diffusivity model, however, the SFD
model also predicts with very reasonable accuracy the much
slower rate observed for the sequential adsorption case.

Predictions of the column behavior are obtained similarly
by combining Eqs. 23–25 with the column balances (Eqs. 5
and 6). The numerical solution of the corresponding equa-
tions is shown in Figure 9 also for Ds(0) ¼ 4.5 � 10�8 cm2/s
and kf ¼ 0.0015 cm/s for both variants. The model correctly
predicts the nearly identical breakthrough curves observed
experimentally for the two variants at 0.9 min residence time
and the relatively small improvement in their separation
obtained at 5.2 min. Although the peak concentration of Frac-
tion 2 is somewhat underestimated, the model correctly pre-
dicts the slow approach to column saturation with the feed
mixture as Fraction 3 gradually displaces Fraction 2.

Conclusions

Our previously developed pore diffusion model based on
batch measurements accurately describes the single- and
two-component frontal loading behavior of mAb charge
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variants for columns packed with the macroporous stationary
phase UNOsphere S over a broad range of residence times
and with different feed compositions. In this case, diffusion
in the particle pores with an apparently rapid exchange of
adsorbed mAb molecules is principally responsible for the
breadth of single and two-component breakthrough curves as
a function of residence time. The effective pore diffusivity for
the mAb variants in this matrix is De ¼ 8.3 � 10�8 cm2/s.
Since the free solution diffusivity is D0 � 4 � 10�7 cm2/s,26

we obtain De/D0 � 0.2, a value that suggests relatively low-
diffusional hindrance.27

A new model was developed to describe single and two-
component adsorption in Capto S. Because of the very small
accessible pore size, counterdiffusion of different charge var-
iants appears to be severely hindered and occurs over time
scales that are much longer than those of single-component
adsorption and two-component coadsorption. The new model
is based on the Maxwell-Stefan equations and assumes
single-file diffusion. Accordingly, we assume that mAb mol-
ecules are not able to diffuse past the adsorbed ones within
the dextran grafts leading to apparent Fickian diffusivities
that decrease as the adsorbed protein concentration increases.
The new model correctly predicts fast adsorption kinetics for
single component adsorption and two-component coadsorp-
tion, but very slow transport for sequential adsorption, when
a more strongly bound variant displaces a more weakly
bound one. Without adjustable parameters, the SFD model
also provides an approximate prediction of the single- and
two-component column behavior. The latter exhibits nearly
identical breakthrough curves for the two variants at short
residence times as a result of the slow counterdiffusion pro-
cess predicted by the SFD model. A final consideration
regards the choice of the model for practical calculations. It

is apparent that the pore diffusion model is appropriate for
macroporous adsorbents. Further simplifications are possible
in this case to predict column behavior for both single and
multicomponent systems using a linear-driving-force (LDF)
rate model in lieu of the particle diffusion model used in
this work as discussed, for example, in LeVan and Carta.28

On the other hand, for adsorbents such as Capto S, where
multicomponent mass transfer fluxes appear to be coupled,
predictions with simple LDF-rate models are likely to be
inaccurate, since in this case, transport rates vary widely
with the direction of transport. Simplified models may, how-
ever, be developed based on the so-called ‘‘film model
approximation’’ which has been shown appropriate even
when the intraparticle diffusivity is not constant and diffu-
sion fluxes are coupled.15,29
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Notation

Symbols

Bi ¼ Biot number, ¼ kfrp/De

c ¼ protein concentration in the particle pores, mmol/L or g/L
C ¼ protein concentration in solution, mmol/L or g/L
CF ¼ feed protein concentration, mmol/L or g/L
CI ¼ concentration of counterions in solution, mmol/L
C0 ¼ initial protein concentration in solution, mmol/L or g/L
De ¼ effective pore diffusivity in pore diffusion model, cm2/s
Ds ¼ adsorbed phase diffusivity in solid diffusion model, cm2/s
Ds ¼ Maxwell-Stefan diffusivity, cm2/s
D0 ¼ free solution diffusivity, cm2/s
J ¼ mass-transfer flux, mmol/cm2 s or g/cm2 s
kf ¼ boundary layer film mass-transfer coefficient, cm/s
K ¼ equilibrium constant in Langmuir isotherm model, L/mmol or L/g
Ke ¼ equilibrium constant in SMA model
L ¼ column length, cm
q ¼ adsorbed protein concentration, mmol/L or g/L
qI ¼ concentration of unoccupied charged groups in stationary phase,

mmol/L
q ¼ particle-average adsorbed protein concentration, mmol/L or g/L

qm ¼ binding capacity, mmol/L or g/L
q0 ¼ concentration of charged functional groups, mmol/L
rp ¼ particle radius, cm
R ¼ gas law constant, J/mol K

RT ¼ residence time, ¼ L/u, s
t ¼ time, s
T ¼ absolute temperature, K
u ¼ superficial velocity, cm/s
V ¼ solution volume, L

VM ¼ volume of stationary phase, L
x ¼ column axial coordinate, cm
z ¼ protein effective charge in SMA model

Figure 9. Two-component breakthrough curves for
Capto S. Data from Figure 7.

Lines show predictions of the SFD model with Ds/0 ¼
4.5 � 10

�8
cm

2
/s.

Figure 8. Batch adsorption kinetics of Capto S. Data from Figure 5.

Lines show predictions of the SFD model with Ds/0 ¼ 4.5 � 10
�8

cm
2
/s.
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e ¼ extraparticle column void fraction
l ¼ chemical potential, J/mol
r ¼ steric hindrance parameter in SMA model
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