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Abstract

Rates of uptake of proteins by a composite silica~polyacrylamide gel ion exchanger known as Q-HyperD are obtained for
hydrodynamic conditions identical to those found in a chromatographic column operated at a high mobile phase velocity by
means of a shallow bed technique. Under conditions of intraparticle mass transfer control, mass transfer rates in the shallow
bed were the same as those measured when the sorbent particles were suspended in an agitated vessel, indicating that the
intraparticle mass transfer rate is independent of the hydrodynamic conditions outside the particle and consistent with a
purely diffusional transport mechanism. The predictability of breakthrough curves based on kinetic parameters obtained from
batch experiments is assessed by comparing experimental results for different proteins with predictions of a model which
incorporates the external film resistance and intraparticle diffusion. This model is in excellent agreement with the
experimental results even at extremely high mobile phase velocities. Very large dynamic capacities are obtained with
columns packed with Q-HyperD media as a result of their high static capacity, rapid uptake kinetics and mechanical strength
that prevents compression of the particles even at elevated flow-rates.

Keywords: Mass transfer; Preparative chromatography; Ion exchangers; Breakthrough curves; Stationary phases, LC;
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1. Introduction

In Part 1 of this series, [J. Chromatogr. A, 646
(1996) 169] we have described the equilibrium and
sorption kinetics of proteins for a composite silica—
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polyacrylamide gel ion exchanger, known under the
trade name HyperD [1]. The unique structure of this
sorbent comprises two parts: a rigid porous poly-
styrene—silica composite support particle and a func-
tionalized polyacrylamide hydrogel that fills its
pores. The porous support provides mechanical
strength while the hydrogel provides a large sorption
capacity for proteins.

One of the applications of the HyperD media is its
use as a high capacity stationary phase for frontal
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chromatography to recover and purify proteins in
dilute solutions. A key performance parameter in
such applications is the column dynamic binding
capacity (DBC) [2]. This parameter can be evaluated
experimentally by continuously feeding a given
protein solution to the packed column at a certain
flow-rate until the eluent concentration reaches a
target percentage of the feed concentration, typically
10%. The column dynamic capacity can be defined
as the amount of protein supplied to the column to
this point divided by the column volume [3]. If one
continues to feed the protein solution to the column,
a breakthrough curve is obtained. In ion-exchange
columns, the dynamic capacity and the shape of the
breakthrough curve are in general affected by many
factors, including the adsorption isotherm, extraparti-
cle and intraparticle mass transfer resistance, and by
any deviations from perfect plug flow in the column
[4]. In general the dynamic capacity decreases with
mobile phase velocity.

Models for the prediction of breakthrough curves
for adsorption beds are reviewed in detail in [4]. In
principle, if parameters that characterize intraparticle
kinetic mechanisms are known experimentally, then
it should be possible to predict the breakthrough
behavior of a packed column. Such methods have
been applied to ion-exchange columns for protein
separations by several authors. Tsou and Graham [5],
for example, obtained breakthrough curves for
bovine serum albumin (BSA) in a column packed
with the soft-gel ion exchanger Sephadex A-50.
They compared experimental results with break-
through curves obtained via computer simulations
which incorporated a two-film mass transfer model
with the assumption that equilibrium in the column is
described by the Langmuir isotherm. They found that
the breakthrough curve was essentially determined
by the external film mass transfer resistance and by
the equilibrium isotherm and that an approximate
theoretical prediction could be obtained estimating
the film thickness from empirical correlations for
mass transfer coefficients in adsorption beds. How-
ever, they found that the breakthrough curve could
not be predicted a priori since an equilibrium capaci-
ty much smaller than the static adsorption capacity
determined in independent batch experiments was
needed to yield a good match of the experimental

results even for a mobile phase velocity of only
about 46 cm/h. According to these authors, the
observed reduction in capacity was due to the
compressibility of the stationary phase which re-
sulted in a restriction of the accessibility of some of
the ion-exchange groups.

The predictability of breakthrough curves of pro-
teins in columns packed with S-Sepharose using
parameters derived from batch kinetic experiments
has been discussed by Skidmore et al. [6]. This
polysaccharide-based ion exchanger is not as soft as
the one used by Tsou and Graham, and these authors
were able to use a higher mobile phase velocity of
about 76 cm/h. Skidmore et al. used two models to
predict their breakthrough curves: the first assuming
empirically a reaction-controlled kinetics and the
second assuming a more realistic control by external
film and pore diffusional limitations. The intraparti-
cle kinetic parameters of each model were fitted from
batch data and the remaining ones were estimated
from correlations. When this was done for lysozyme
and BSA, either model provided an excellent predic-
tion of the breakthrough curve for the smaller
lysozyme molecule but only approximate predictions
for the breakthrough curve of BSA. In general,
however, a satisfactory agreement between ex-
perimental results and model predictions was found
for the initial breakthrough of protein.

Modeling of breakthrough curves of proteins has
also been discussed for the case of rigid, silica-based,
porous ion-exchange packings by Kopaciewicz et al.
[7]. The compressibility of the stationary phase is not
significant in this case and the authors were able to
use velocities as high as 700 cm/h with 10-um
particles. They found an inverse relation of the
dynamic capacity of BSA with particle size and
flow-rate of the mobile phase and a direct relation
with pore size. Thus, they suggested that for proteins
such as BSA, large pores (1000 A) are needed to
obtain dynamic capacities near the static capacity of
the stationary phase at high mobile phase velocities.
On the other hand, for smaller proteins such as
a-lactalbumin, they found that, except for relatively
large particles, the dynamic capacity was essentially
independent of pore size, particle size and mobile
phase velocity over a broad range. These authors
also modeled the breakthrough behavior taking into
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account mass transfer limitations. They found that
the breakthrough curve of a-lactalbumin with a
mobile phase velocity of 360 cm/h could be
modeled accurately, but that only an approximate
description was possible for BSA.

In Part I of this series, we obtained equilibrium
isotherms, representing the static adsorption capacity
and mass transfer rates in an agitated contactor for
three representative proteins in Q-HyperD media
with different particle sizes. We found that the uptake
isotherms could be described empirically either by
the Langmuir isotherm or by the mass action law for
heterovalent exchange. Mass transfer rates could be
modeled by taking into account the external resist-
ance in the hydrodynamic boundary layer surround-
ing the particle with a film mass transfer coefficient
and the intraparticle resistance with a diffusion
model. The corresponding equilibrium and kinetic
parameters could be valid also when the particles are
packed in a column operated at elevated mobile
phase flow-rates. However, this is not always the
case. For example, when dealing with stationary
phases which lack adequate mechanical strength, the
particles may be compressed during the packing
process or by pressure generated by the frictional
resistance at high flows, making both equilibrium
and kinetics different from what one finds in agitated
contactors. Differences could also occur when deal-
ing with particles which are permeable to fluid flow,
such as those used for perfusion chromatography [8].
When such particles are suspended in an agitated
vessel, intraparticle mass transfer must occur pri-
marily by diffusion mechanisms. However, when
such particles are packed in a column operated under
appropriate conditions [9-13], intraparticle convec-
tion can be dominant. In this case, intraparticle mass
transfer would be much faster in a packed column
than in an agitated vessel and strongly dependent on
the flow-rate of the mobile phase. For this situation,
a prediction of breakthrough curves solely on the
basis of the mass transfer kinetics obtained in an
agitated contactor would be unreliable.

Thus, in this work we have experimentally de-
termined the adsorption kinetics of proteins with
Q-HyperD media for conditions which are identical
to those prevailing in a chromatographic column for
a broad range of mobile phase velocities. The

predictability of breakthrough curves from data
obtained for these conditions was also assessed by
comparing experimental breakthrough curves with
model predictions.

2. Experimental
2.1. Materials

Samples of Q-HyperD-F and Q-HyperD-M (Lot.
No. 3259 and 3186) were obtained from BioSepra
(Marlborough, MA, USA). The samples were pre-
treated as described in Part 1. The particle size
distribution of each sample was also determined
experimentally (see Part [). The volume average
particle diameters were 49 pm and 76 pm for the F
and M grades of Q-HyperD.

BSA, ovalbumin and a-lactalbumin were obtained
from Sigma (St. Louis, MO, USA) as purified
preparations. Experiments were carried out in 50 mM
Tris—HCI buffer solutions at pH 8.5-8.6. At this pH,
cach of the proteins is strongly negatively charged
and is very favorably adsorbed by Q-HyperD media
at low ionic strengths. Equilibrium isotherms at
23+2°C are given in Part I for each protein.

2.2. Uptake kinetics

A “‘shallow bed” apparatus was assembled to
determine in a direct way the rate of uptake of the
proteins by Q-HyperD for hydrodynamic conditions
identical to those that would be found in a chromato-
graphic column separated at a high mobile phase
flow-rate. The apparatus is shown schematically in
Fig. 1 and is a modification of the classic shallow
bed technique developed by Boyd et al. [14] to
determine ion-exchange kinetics. Various modifica-
tions of this shallow bed technique have been used
by different authors to determine mass transfer in
ion-exchange sorbents. For example, Saunders et al.
[15] and Jones and Carta [16] used a recirculated
shallow bed apparatus to determine the batch uptake
kinetics of amino acids by ion-exchange resins,
while Yoshida et al. [17] used a semibatch shallow
bed technique to determine the uptake kinetics of
BSA by strongly basic chitosan ion exchangers. The
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Fig. 1. Shallow bed apparatus. P1, P2 and P3 are HPLC pumps.
V1 and V2 are six-port switching valves.

apparatus used in this work comprises a shallow bed
assembly that was constructed by packing a small
sample of Q-HyperD media between two layers of
S-HyperD media of the same particle size grade in a
0.3 cm diameter, 1.2 cm long stainless steel column.
The column was machined from a stainless steel rod
and fitted with Omnifit end caps with 0.5-pm frits at
each end.

Samples of S-HyperD-F and S-HyperD-M were
obtained from BioSepra. These stationary phases
have a structure analogous to that of Q-HyperD.
They are manufactured from the same silica support
particles, but they contain a hydrogel with a cation-
exchange functionality. In a 50 mM Tris—HC! buffer
at pH 8.5-8.6, S-HyperD is totally inert with respect
to BSA, which is negatively charged at this pH.
From batch experiments and from experiments in
chromatography columns packed with S-HyperD, we
determined that there is no uptake of BSA by this
media for these conditions. Hence, the S-HyperD
layers in the shallow bed assembly serve only to
provide mechanical support. We also determined the
particle size distribution and average particle size of
the samples of S-HyperD-F and S-HyperD-M and
found them to be essentially the same as those of the
corresponding grades of Q-HyperD. Thus, the shal-
low bed assemblies constructed in this manner allow
one to determine the uptake kinetics of BSA by
Q-HyperD particles for the same hydrodynamic
conditions that would be found in an identical

column packed only with Q-HyperD. However, since
the Q-HyperD layer is very thin, provided that the
flow of mobile phase is sufficiently high, each of the
Q-HyperD particles is exposed to essentially the
same solution concentration. Hence, the driving force
for the uptake process is kmown exactly which
simplifies the comparison of experimental mass
transfer rates with kinetic models.

The shallow bed apparatus also comprises three
Waters (Milford, MA, USA; Maodel 510) HPLC
pumps, a Waters (Model 484) tunable absorbance
detector and a set of two 6-port valves (Valco,
Houston, TX, USA; Model C6U) connected as
sketched in Fig. 1. The setup allows a very rapid
switching of streams to the shallow bed. A run
consists of letting the protein solution flow through
the shallow bed for a set period of fime. After this
time, a buffer solution containing no salt is fed to the
shallow bed to remove quickly ahy unabsorbed
protein from the packing - interstices and from the
connecting lines. Since the adsorptien is extremely
favorable, essentially none of theukorbed BSA is
removed during this phase. Thés, the flow is
switched to a buffer solution comaining 500 mM
NaCl. At this salt concentration, all of the BSA
adsorbed on the Q-HyperD media contained in the
shallow bed assembly is removed. (see Part 1)
yielding a *‘chromatographic” peak as depicted in
Fig. 2. The amount of protein adsorbed during the
time of contact with the protein solution is calculated
from the area of the peak obtaimed upon salt elution
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Fig. 2. Typical detector trace for a Q-Hyp#tD-F shallow bed
adsorption run with BSA at ¥ =5940 cm/h #hd C.=0.25 mg/
3
cm’,
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in conjunction with a calibration curve. The shallow
bed is then reequilibrated with the buffer solution
and readied for a new run involving a different time
of contact with the feed protein solution. The detec-
tor wavelength was set at 280 nm.

In packing the shallow bed assembly, a layer of
S-HyperD, approximately 0.5 cm deep, was pipetted
into the column as a slurry of approximately 50%
concentration while applying a suction at the oppo-
site end with a syringe connected to the fritted outlet
comnector. A small Q-HyperD sample was then
introduced, also as a 50% slurry, using a 10 mm’
pipette. Since the slurry concentration was not
known exactly, the amount of Q-HyperD media
introduced in the column could not be determined
accurately by direct measurement. Thus, it was
determined by comparing the maximum amount of
protein adsorbed by the shallow bed after a long time
of contact, with the static equilibrium capacity
determined independently in batch experiments (see
Part I). The volume of Q-HyperD media (particles
only) calculated in this way was found to be about
3-107 cm’ and varied only slightly for the different
shallow bed columns packed. This figure is con-
sistent with the volume of slurry introduced. The
column was then filled to the top with an additional
layer of S-HyperD and capped with the fritted inlet
connector.

2.3. Breakthrough behavior

Breakthrough curves were obtained for 10 cmX
0.3 LD. glass columns (Omni Microbore Column;
Omnifit, Toms River, NJ, USA) equipped with 0.5-
pm stainless sgeel frits and Omnifit connectors,
Samples of Q-HyperD-F and Q-HyperD-M were
pipetted into these columns as a 50% slurry while
applying a slight suction at the opposite end with a
syringe. After packing, each column was run with a
buffer flow-rate of about 9 cm’/min for several
column volumes. The level of media in the column
dropped by abomt 0.5 cm during this phase. Thus, the
top connector was removed and additional media
pipetted in to completely fill the column while
withdrawing buffer at the opposite end. The top cap
was then reconsected and the media level rechecked
again after rumning several column volumes at 9

cm’/min. After the initial packing, each column
appeared to be visually stable during the course of
this study.

The extraparticle void fraction of the HyperD
columns was estimated by packing similar columns
with the same technique and determining the total
mass of media plus buffer in each column from
weight measurements. Since the density of the
hydrated particles can be estimated (see Part I),
knowing the weight of media plus buffer in the
column allows one to calculate the extraparticle void
fraction. The volume of each column was also
determined by weighing each column empty and
filled with water. The void fraction determined in
this manner for columns packed with Q-HyperD-F
and M was 0.49 and 0.48, respectively.

Each column was used in the same set-up de-
signed for the shallow bed experiments. To record
breakthrough curves, the column effluent was run
through the UV detector operated at 280 nm. The
output mV signal of this detector was collected with a
microcomputer-based data acquisition system. The
effluent protein concentration was then obtained
from the digitized signal through appropriate cali-
bration curves. Flow-rates were varied between
about 0.5 cm®/min and 9 cm’/min, corresponding to
bed superficial velocities in the range 400 to 7200
cm/h. Protein feed solutions in concentrations of |
and 2 mg/cm’ in 50 mM Tris—HCI buffer at pH
8.5-8.6 were used. After each breakthrough experi-
ment, the column was rinsed with 50 mM Tris—HCI
buffer, regenerated with a 500 mM NaCl and then
rinsed again with buffer.

3. Results and discussion
3.1. Shallow bed uptake kinetics

In Part I of this series we showed that the batch
uptake kinetics of proteins by Q-HyperD suspended
in an agitated vessel can be described accurately by
taking into account the external film mass transfer
resistance and intraparticle diffusion. We also
showed that, when the selectivity is very high as in
the case of protein uptake at low salt concentrations,
the relative importance of these two resistances in
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series is determined in an approximate way by the
magnitude of the parameter
_LkR, &
B 5 Ds q(]

(1)

relative to unity. In this equation k, is the external
mass transfer coefficient, R is the particle radius, D,
is the intraparticle diffusivity, C, is the solution
concentration and ¢, is the saturation capacity of the
sorbent. Since the equilibrium uptake of proteins by
Q-HyperD is very favorable, the saturation capacity,
4., 1 essentially constant. Thus, for a given protein,
0 varies primarily only with the value of the film
mass transfer coefficient and with the protein con-
centration in solution.

If the intraparticle transport mechanism in HyperD
is independent of the hydrodynamic conditions out-
side the particles, as would be the case for a
diffusional transport mechanism, the same kinetic
model and parameters obtained in stirred batch
experiments should apply to the shallow bed experi-
ments. The only differences would be that in the
shallow bed experiments, the solution concentration
remains constant and equal to the feed concentration
and that a different external film mass transfer
coefficient would apply for each hydrodynamic
condition. The Ilatter, of course, depends on the
thickness of the hydrodynamic boundary layer that
surrounds the particle, which in turn is a function of
the mobile phase velocity. The criterion expressed by
Eq. (1) should also apply, provided that C, is set
equal to the feed protein concentration, C;.. In stirred
batch experiments we found that for BSA in both
Q-HyperD-F and M, the uptake process was essen-
tially controlled by the intraparticle resistance (6 >1)
when C,=2 mg/cm’.

Since k; is likely to be larger in a packed-bed
operated with a high superficial velocity than in an
agitated contactor, it is apparent that at the same
protein concentration intraparticle mass transfer
would be controlling also in the shallow bed ap-
paratus. Thus, for these conditions, experiments in
the two types of contactors should be directly
comparable.

Experimental results for the uptake of BSA by
Q-HyperD-F and M for a protein concentration of 2
mg/cm® are shown in Fig. 3 and Fig. 4. In these
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Fig. 3. Transient uptake of BSA by Q-HyperD-F in a stirred batch
with C,=2 mg/cm” and in a shallow bed contactor at different
mobile phase velocities with C,.=2 mg/cm’. The line is calcu-
lated from the particle diffusion model with D, =9.2-10"" em™/s.

figures, the shallow bed data are compared with
those obtained when the sorbents were suspended in
an agitated vessel and with the model developed in
Part 1 for the latter conditions. In each case, the
amount adsorbed at a particular time is normalized
with the saturation capacity value, g, The shallow
bed data are shown at mobile phase velocities of
2550, 4240 and 5940 cm/h. For these conditions,
there is clearly no effect of the mobile phase velocity
on the rates of uptake of BSA by Q-HyperD-F and
Q-HyperD-M and these rates are essentially the same
as those found in the agitated contactor. Moreover, it
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Fig. 4. Transient uptake of BSA by Q-HyperD-M in a stirred
batch with C,=2 mg/cm’ and in a shallow bed contactor at
different mobile phase velocities with C, =2 mg/cm’. The line is
calculated from the particle diffusion model with D =9.2-107"
cm’/s.
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Fig. 5. Transient uptake of BSA by Q-HyperD-F (R =2.45- 107
cm) and Q-HyperD-M (Rp:3480-1073 cm) in the shallow bed
contractor at superficial velocities of 2550, 4240 and 5940 cm/h
with C.=2 mg/cm’ plotted as a function of \/I/Ri‘ The line is
calculated from the particle diffusion model with D =9.2-107"
em’/s.

appears that the shallow bed data are consistent with
diffusion theory also when particles of different size
are compared. Fig. 5 shows the shallow bed data for
Q-HyperD-F and Q-HyperD-M at the different sup-
erficial velocities tested with C,=2 mg/cm’ plotted
as a function of t/Rf) as suggested by classical
Fickian diffusion models [18]. Clearly, the data for
the two different size grades of Q-HyperD are
coincident when plotted in this form, as it is ex-
pected for diffusive transport in the particles. Thus,
we conclude that the intraparticle mass transfer
mechanism in Q-HyperD is completely independent
of the hydrodynamic conditions outside the particles
and of a purely diffusive nature.

In Part I of this paper, we showed that intraparticle
mass transfer in Q-HyperD can be described by a
mode] which assumes a pseudo-homogeneous diffu-
sion of protein molecules which interact electro-
statically with the media functionality. A value of the
effective intraparticle diffusivity D,=9.2-10"% ¢cm®/
s was found to fit the batch data for both Q-HyperD-
F and M. Lines calculated from this model (Eq. 9 or
Eq. 10 in Part 1) with the same value of D_ are
shown in Figs. 3-5. Clearly, the same diffusivity
value provides an excellent fit of these shallow bed
data for a protein concentration of 2 mg/cm’ from
low to high values of the fractional approach to
saturation. As shown in Fig. 5, at low values of F,
the data converge to the asymptotic limit [18]

6 (Di\'"?
F=ﬁ<R—‘z) @

p

which represents the well known theoretical limit for
diffusive transport in spherical particles with a
constant surface concentration.

Conditions where the external film resistance
should be dominant over a significant portion of the
uptake curve were also studied in the shallow bed
apparatus. Such conditions can be found by selecting
a protein concentration sufficiently low to make &
significantly smaller than unity. For these conditions,
since the fluid phase concentration is constant in the
shallow bed, for relatively short contact times the
uptake curve should be linear and described by the
equation

3k,
Amount adsorbed = gV, = # Vi, Cet (3)

p

where V,, is the volume of sorbent and ¢ the time of
contact with the protein solution. Note that 3/R is
the external surface area of the particles per unit
particle volume. Since the left hand side is known
experimentally, k, can be obtained for each mobile
phase velocity by comparing Eq. (3) with the initial
linear rate of protein uptake at a suitably low protein
concentration. It should be noted, however, that even
for these conditions, Eq. (3) would break down for
long times of contact. In this case, in fact, the
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Fig. 6. Transient uptake of BSA by Q-HyperD-F in the shallow
bed apparatus at low and high protein concentrations. Lines are
calculated from the numerical solution of the complete kinetic
model including external film and intraparticle diffusional re-
sistances.



192 M.A. Fernandez et al. | J. Chromatogr. A 746 (1996) 185—198

0.7 +

06 [

05 |
C,=0.25 mg/cm®

g

E 04 |

2

k-] 03| Experimental data
g & 2,550 cm/r
g 0.2 A 4,240 cmhr
< ¢ 5040 cmtr.

0.1 Numerical solution for
film resistance & particle
diffusion

0.0 . . L

0 200 400 600 800 1000

Time (s)

Fig. 7. Transient uptake of BSA by Q-HyperD-M in the shallow
bed apparatus at low and high protein concentrations. Lines are
calculated from the numerical solution of the complete kinetic
model including external film and intraparticle diffusional re-
sistances.

sorbent particles would approach saturation and the
intraparticle resistance would become dominant
again.

Experimental uptake data for Q-HyperD-F and -M
in the shallow bed apparatus are shown in Fig. 6 and
Fig. 7 respectively, comparing a protein concen-
tration of 0.25 mg/cm’ with the data for 2 mg/cm’.
At the lower concentration, there appears to be some
dependence of uptake on the mobile phase flow-rate
although the same final saturation capacity is ob-
tained. This behavior, of course, would be expected
if the external mass transfer resistance is indeed
controlling for short times, since the mass transfer
coefficient, &, is an increasing function of the mobile
phase velocity, The k&, values obtained by fitting the
initial slope of these curves with Eq. (3) are summa-
rized in Table 1. In each case, k; increases with
flow-rate, while the values for the smaller Q-Hy-

Table 1

perD-F are larger than those for the bigger size
Q-HyperD-M particles.

With these fitted &, values and with the previously
determined value of the intraparticle diffusivity D, it
should now be possible to predict the entire uptake
behavior in the shallow bed apparatus. To do this,
the complete kinetic model, including both the
external film resistance and intraparticle diffusion
must be solved in conjunction with the adsorption
isotherm. The corresponding equations are

9 _ D, i( 2 99
at 2 ar \" ar ()
dq
r=0 5 =0 (4a)
dq
r=R,. D, 5 =k(C.—C) (4b)
t=0, g=0 (4c)

where r is the radial particle coordinate, g is the
solute concentration in the particles, and C, is the
solution concentration at the particle surface. This is
related to q(R,) via the equilibrium isotherm which
is given by Eq. 4b in Part L.

A numerical solution of these equations was
obtained as described in Part I of this paper using
Ds=9.2'1079 cm’/s, the experimental k, values
given in Table 1 and the equilibrium parameters
given in Part I. The amount adsorbed at each time
was calculated from

Ry

- 3VM 2
GVu = =T q(r, Hdr (5)

Py

and the results are shown in Figs. 6 and 7. There is a

External film mass transfer coefficients for the uptake of BSA by Q-HyperD media in a 50 mM Tris—HCI buffer at pH 8.6 in the shallow

bed contactor

Media u (cm/h) Re=ud /ev (ke exp (cm/s) k)2 (cm/s)

Q-HyperD-F 2550 0.70 27-107° 3.0-107°
4240 1.16 33-107° 391077
5940 1.62 40-107° 46107

Q-HyperD-M 2550 1.06 23-107° 241077
4240 1.80 25-107° 3.1-107°
5940 2.50 26-107° 3.7-107°

* Values estimated from Eq. (6).
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Table 2

Calculated values of 6 for BSA in the shallow bed experiments
with different protein concentrations based on D, =9.2-107" cm®/
s and g, =200 mg/cm’

Media u (¢cm/h) Ce (mg/cm") 8

Q-HyperD-F 2550 2.0 1.5
2550 0.25 0.18
4240 2.0 1.8
4240 0.25 0.22
5940 2.0 2.1
5940 0.25 0.27

Q-HyperD-M 2550 2.0 19
2550 0.25 0.24
4240 20 2.1,
4240 0.25 0.26
5940 2.0 22
5940 0.25 0.27

substantial agreement with the experimental data.
For the low protein concentration, the complete
kinetic model predicts the observed dependence of
the uptake rate on the mobile phase flow-rate for
each particle size, consistent with the fact that &,
increases with mobile phase velocity. At the high
concentration, however, this dependence on flow-rate
disappears. For these conditions, the numerical solu-
tion is essentially coincident with the solution for
intraparticle mass transfer control with a rectangular
isotherm that was shown in Figs. 3 and 4, indicating
that intraparticle diffusion is indeed limiting. Con-
versely, at 0.25 mg/cm3, the external resistance is
initially dominant and remains so for a significant
range of times. This can also be seen by considering
the & values calculated for each of the experimental
conditions as summarized in Table 2. Clearly, § <l,
indicating that the external film resistance is im-
portant, when Cg=0.25 mg/cm’ and 8> 1, indicat-
ing that the external resistance is not significant,
when Cp.=2 mg/cm’.

Mass transfer coefficients in packed bed can also
be estimated approximately using literature correla-
tions. We have used a correlation originally de-
veloped by Carberry [19] to test the validity of a
priori predictions of k, for Q-HyperD. The mass
transfer coefficient is given by

k=115 % (Re) " "*(Se) 2" 6)

where € is the extraparticle void fraction, Rezudp/

ev and Sc=v/D. v is the kinematic viscosity of the
mobile phase. This correlation has been verified
experimentally in shallow beds for ion-exchange
systems with small Reynolds numbers [20]. k, values
calculated with this equation are given in Table 1. A
value of €=0.5 was used in the calculations, con-
sistent with the void fraction determined for chro-
matographic columns packed with Q-HyperD. As
seen in Table 1, experimental and estimated values
of k, are quite close for Q-HyperD-F. Some dis-
agreement is seen for the Q-HyperD-M data. On the
other hand, the external resistance is less significant
for those bigger particles, so that a less accurate
estimation of k, should generally suffice for predic-
tive purposes.

3.2. Breakthrough behavior

Experimental breakthrough curves at different
mobile phase velocities are shown in Fig. 8a and b
for BSA and ovalbumin in 2 mg/cm3 feed con-
centrations with the Q-HyperD-F column. Similar

1.0 a
08 |
06 ¢ q
w 7,200
g 5,600
04
4,000
2,440
02t 400 crvhr (a) Q-HyperD-F
BSA, C.=2 mg/cm®
0.0 L
0 20 40 80 80 100
Effluent volume (cm?)
1.0
08
. 06 7,200
8 5,600
04 | 4,000
2,440 cm/hr
0.2 (b) Q-HyperD-F
OVA, CF=2 mg/cm’
0.0
0 20 40 60 80 100

Effluent volume (cm®)

Fig. 8. Experimental breakthrough curves for (a) BSA and (b)
ovalbumin for a Q-HyperD-F column at different mobile phase
velocities with C.=2 mg/cm’.
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0.6
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Q
3]
0.4 ¢ 4,000
2,440 c/hr
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0.0 s >
0 20 40 60 80 100
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Fig. 9. Experimental breakthrough curves for (a) BSA and (b)
ovalbumin for a Q-HyperD-M column at different mobile phase
velocities with C.=2 mg/cm”.

results for the Q-HyperD-M column are given in Fig.
9, while Fig. 10 shows breakthrough curves for
a-lactalbumin in 1 mg/cm’ concentration for the
Q-HyperD-M column. In all cases, the volume at
which breakthrough occurs and the slope of the
profile are reduced as the mobile phase superficial

1.0 -r —

Q-HyperD-M
Lactalbumin
0.8 r C,=1 mglem®
06 F
Qu.
© 04
0.2 + !
400 cm/hr
oo i L 1
0 20 40 60 80 100 120 140

Effluent volume {cm®)

Fig. 10. Experimental breakthrough curves for @-lactalbumin for a
Q-HyperD-M column at different mobile phase velocities with
Cr=1 mg/cm‘a

velocity is increased. Thus, for these runs the column
dynamic capacity decreases with flow-rate.

The shape of the breakthrough curves s deter-
mined by the equilibrium isotherm, by mass transfer
resistances and by possible deviations from plug
flow. In general, a numerical solution is needed for
an exact prediction of the effects of each contribu-
tion. On the other hand, for certain limiting forms of
the isotherm, such as linear or rectangular, analytic
expressions for the breakthrough curve can be found
{21]. Vermeulen [22], for example, has demonstrated
that for favorable monovalent ion-exchange or ad-
sorption systems, breakthrough curves can be
adequately predicted by assuming that the equilib-
rium isotherm is rectangular, when the true equilib-
rium constant is greater than 5. Yoshida et al. [21]
have obtained a corresponding criterion for the case
of heterovalent ion-exchange systems, by comparing
the exact numerical solution of a model that includes
intraparticle diffusion and external film mass transfer
resistance with an approximate solution for a rectan-
gular isotherm. Their kinetic model is essentially the
same as that which we have found describes the
uptake behavior of Q-HyperD. However. for their
approximate analytical solution, Yoshida et al. used
the linear driving force approximation to describe
intraparticle mass transfer, instead of the particle
dilution equation. Under constant pattern conditions,
their analytic solution is given by

Cp(rgrs 1)
CF—Sexp T— ¢ 5

» - . 1 <1+5>
forT—§_~o+1+6—ln 5 (YD

CF~1—1+5exp —r+§—6+1+5
‘(HB)]/
—In 5 o

1 1+6
for7~fz—5+l+3—ln< 5 ) (7a)

when 6=1, and by

< _
c, =exp(tr—§&—1)

forr—¢é=1-—1In(1+8) (8)
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C ) )

FF: 1 —meXP{I—T-F £+ 1 —In(l + 8)]/8}

forr—&=1—1In(l +68) (8a)

when 6 =1. In these equations,
1 k,.Rp Cr

°=357D. 4 ©)
3k, CF< GL)

T=——\t—— 10
R, 4, y (10)
3(1 —¢€) kL

sz—fT (11)

Following Yoshida et al., the rectangular isotherm
approximation for the heterovalent exchange of a
species with effective charge n with a univalent
counterion is valid when

K’=K<%>n =100 (12)
S

where K is the equilibrium constant for the exchange
reaction, g, is the total ion concentration in the
stationary phase and C, is the total ion concentration
in solution. Values of K and g, can be obtained from
the data in Part I of this paper. From these data, for a
50 mM Tris—HCI buffer we can calculate that the K’
values for the proteins studied are well in excess of
30 000, indicating that the rectangular isotherm
approximation is valid. For such conditions, Eqgs.
(7,8) can be used when 0=48=5 [21].

To test the predictability of the breakthrough
behavior of Q-HyperD columns with these equations,
we have carried out calculations with Egs. (7,8)
using the D_ values obtained from stirred batch
experiments and the film mass transfer coefficients
estimated from Eq. (5) for the different proteins and
mobile phase velocities. The saturation capacity, g,
was obtained by numerical integration of the ex-
perimental breakthrough curves obtained at the low-
est superficial velocity. The resulting values were
very close to the values determined independently
from batch equilibrium experiments (see Part I).
Using the estimated extraparticle void fraction of 0.5,
the maximum error was *6.7% or less. Experimental
and predicted breakthrough curves with a mobile
phase velocity of 4000 cm/h are given in Fig. 11,
Fig. 12 and Fig. 13 for BSA and ovalbumin with Q-
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0.8 I q=225 mglem®
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0.0 ¢ . .
[¢] 20 40 60 80 100
Effluent volume (cm?)
1.0 -
() OVA
C, =2 mgicm®
0.8 | gs=210 mgem’ {
D,=15x10° cm?/s
k=0.0045 cmvs
0.6 =140
u
Q
© 04
o Experimental, ]
02 u=4,000 cm/hr
Predicted
0.0 .
o] 20 40 60 80 100
Efftuent volume (cm®)
Fig. 11. Comparison of experimental and predicted breakthrough

curves for (a) BSA and (b) ovalbumin for a Q-HyperD-F column
with a mobile phase velocity of 4000 cm/h, C.=2 mg/cm’,

HyperD-F and M with a feed concentration of 2
mg/cm3 and for a-lactalbumin with Q-HyperD-M
for a feed concentration of 1 mg/cm’. The agree-
ment is excellent in all cases, especially in view of
the fact that there is no adjustable paramster in these
calculations. The values of § are between 1.1 and 2.2
for the experimental conditions tested. Yoshida et al.
have shown that only when 8>10 is the break-
through curve not affected by the external film
resistance. The relatively small § values obtained in
our work indicate that there is a significant effect of
the external film resistance on the breakthrough
behavior of Q-HyperD. This effect is felt particularly
in the initial portion of the breakthrough curve.
Neglecting it would lead to error in the prediction of
the breakthrough profile in this region.

The column dynamic capacity at 10% break-
through was also calculated for each of the ex-
perimental runs and from the model, Egs. (7,8). The
results are shown in Fig. 14 and Fig. 15. In accord-
ance with the experimental behavior, the model
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Fig. 12. Comparison of experimental and predicted breakthrough
curves for (a) BSA and (b) ovalbumin for a Q-HyperD-M column
with a mobile phase velocity of 4000 cm/h. C.=2 mg/cm”.

predicts a reduction in the dynamic capacity as the
mobile phase velocity is increased. However, even in
the worst case (BSA with Q-HyperD-M) the dy-
namic capacity remains very large and greater than
60% of the static capacity when the column is
operated at the extremely large mobile phase velocity
of 7200 cm/h.

Lactalbumin

C.=1 mgicm®
0.8 | =190 mglem® 4
D, =16x10° em¥/s
k=0.0044 cmvs
0.6 | s=1.10
gu.
© 04t
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0.0 s " . R
1] 20 40 60 80 100 120 140
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Fig. 13. Comparison of experimental and predicted breakthrough
curves for a-lactalbumin for a Q-HyperD-M column with a
mobile phase velocity of 4000 cm/h. C,.=1 mg/cm’.
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Fig. 14. Comparison of experimental and predicted column
dynamic capacity at 10% breakthrough for BSA and ovalbumin
for (a) Q-HyperD-F and (b) Q-HyperD-M columns as a function
of the mobile phase velocity. C,, =2 mg/cm’.

4. Conclusions

We have determined that the intraparticle mass
transfer of proteins in Q-HyperD media is unaffected
by the hydrodynamic conditions outside the particles.
Hence, for conditions where the intraparticle mass

140 * T
”E Q-HyperD-M
o
§ 120}
E
~ 100 |
5§ e
Q 8or ]
[&]
k-1 60 |
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k3]
g 4f
3
c 20 @ Lactalbumin - experimental
5 —— Predicted
Q
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Fig. 15. Comparison of experimental and predicted column
dynamic capacity at 10% breakthrough for a-lactalbumin for a
Q-HyperD-M column as a function of the mobile phase velocity.
C.=1 mg/cm’,
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transfer resistance is controlling, mass transfer rates
in HyperD are independent of the particular type of
contacting apparatus (e.g. stirred batch, packed bed,
fluidized bed) in which they are used. Experimental-
ly, we found that mass transfer rates were the same
when HyperD was suspended in an agitated contac-
tor or packed in a chromatographic column.

In a recent article, Rodrigues et al. [23] have
studied the breakthrough behavior of BSA for a 0.5
cm diameter, 10 cm long column packed with Q-
HyperD media which was reported to have a particle
diameter of 35 um. These authors obtained break-
through curves which exhibited little dependence on
flow-rate and a dynamic capacity that decreased only
slightly when the mobile phase superficial velocity
was changed from about 611 cm/h to about 2445
cm/h. They asserted that this behavior is a conse-
quence of intraparticle convection and likened the
behavior of Q-HyperD to that of Poros Q/M (PerSep-
tive Biosystems, Cambridge, MA, USA), a chroma-
tography medium for which they noted that in-
traparticle mass transfer is convection-dominated.
Contrary to their conclusions, however, we have
found no evidence that intraparticle convection plays
any role in the performance of Q-HyperD. In fact, if
intraparticle convection were dominant, intraparticle
mass transfer rates would increase with the mobile
phase velocity for the laminar flow conditions of a
liquid chromatography column [8-13]. In contrast,
we have found that intraparticle mass transfer rates
in Q-HyperD are independent of flow and the same
whether the particles are suspended in an agitated
contactor, where intraparticle convection cannot
occur to a significant extent even for extremely
permeable particles, or they are packed in a shallow
bed contactor operated at elevated flow-rates, where
intraparticle convection would occur if it were
possible in these particles. If intraparticle convection
occurred in Q-HyperD, as suggested by Rodrigues et
al., it would be strongly dependent on the mobile
phase velocity and would yield mass transfer rates
much larger in a packed bed than in an agitated
contactor. The lack of this dependence and the close
agreement of agitated contactor and shallow bed
contactor data clearly indicate that intraparticle mass
transfer of proteins in Q-HyperD is of a purely
diffusive nature. In fact, consistent with diffusion
theory, intraparticle mass transfer rates in Q-HyperD
vary in inverse proportion with the square of the

particle size and decrease with the size of the
diffusing solute.

We have also assessed the predictability of the
breakthrough behavior of Q-HyperD columns by
comparing experimental results with the predictions
of a model which incorporates external and in-
traparticle mass transfer resistances, using parame-
ters determined form batch experiments and esti-
mates from literature correlations. We found that the
model predictions were in excellent agreement with
the experimental data even at extremely high mobile
phase velocities. Thus, deviations from plug flow are
apparently not significant for these conditions.

The model could also accurately predict the
dynamic capacity for different proteins as a function
of the mobile phase velocity. Remarkably, Q-Hy-
perD afforded an exceptionally high dynamic capaci-
ty even at elevated flow-rates. In the worst case
(BSA with Q-HyperD-M), the column retained a
dynamic capacity in excess of 70 mg/cm’ when
operated at a 7200 cm/h. In a better case, with the
smaller Q-HyperD-F media, the dynamic capacity
for BSA was in excess of 100 mg/cm’ at 7200
cm/h. Q-HyperD-F and M owe this exceptional
performance to their extremely high static capacity,
their rapid uptake kinetics and their mechanical
strength that allows operation at extremely high
flow-rates without apparent compression. The rapid
uptake kinetics exhibited by HyperD is due to the
large driving force for diffusion provided by its high
sorption capacity and the resulting diffusion of
electrostatically interacting protein in the hydrogel.
Thus, its unique morphology appears to combine in a
successful way the advantages of soft-gel matrices
with those of rigid supports to yield a robust
stationary phase suitable for high speed separation
and purification of proteins.

5. Symbols
C, feed protein concentration
C, solution concentration of protein at particle

surface

C, initial protein concentration in solution
C, total ion concentration in solution

d, particle diameter

D solution diffusivity

D, effective diffusivity
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D, intraparticle diffusivity

F fractional approach to saturation

K equilibrium constant for heterovalent exchange

K’ modified equilibrium constant, Eq, (12)

k; external film mass transfer coefficient

L column length

n  effective charge of protein

g  protein concentration in adsorbent based on
particle volume

g  average protein concentration in sorbent par-
ticles

q, sorbent saturation capacity based on particle
volume

gr total ion concentration in adsorbent based on
particle volume

r  radial particle coordinate

Re Reynolds number (=ud_/ev)

R particle radius

Sc¢ Schmidt number (/D)

t time

u  superficial velocity

Vu volume of sorbent

o  parameter defined by Eq. (1) or Eq. (9)

v kinematic viscosity

€  extraparticle void fraction

7  dimensionless time, Eq. (10)

¢ parameter defined by Eq. (11)
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