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Abstract

The effect of salt concentration on the adsorption and desorption of BSA has been determined for a polymeric
anion-exchanger based on acrylamido monomers. The material investigated possesses a high adsorption capacity at low salt
concentration and the bound protein can be recovered quantitatively at high salt concentrations. The effects of salt on
adsorption and desorption rates were evaluated from batch and shallow-bed experiments, and a model was developed to
describe the data quantitatively. The adsorption capacity decreases as the salt concentration is increased, but both adsorption
and desorption rates increase at higher salt concentrations. The predictability of the behavior of columns packed with this
material was examined by comparing model predictions and experimental results obtained in laboratory columns. In general,
a good agreement was obtained between predicted and experimental breakthrough and elution profiles, especialy in shorter
columns. Thus, the model alows a prediction of the effects of column length, mobile phase flow-rate, protein feed
concentration, and salt concentration on dynamic capacity, productivity, and on the concentration of product fractions.
0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction of the transport phenomena in such processes is

critical if one hopes to achieve optimal design.

In recent years there has been a growing interest in
modeling mass transfer in protein ion-exchange
media, and in particular those used in capture
applications. As pointed out by Lightfoot [1], capture
from dilute solutions is often the bottleneck in the
overall separation train. Thus, optimizing this step
can yield significant reductions in both capital invest-
ment and processing time. A quantitative description
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Although prior work in this area has emphasized
modeling the adsorption step (e.g., Refs. [2-8]), the
rate at which desorption of the bound protein occurs
is also important since the productivity is dependent
on the total cycle time. With ion-exchangers, a high
salt concentration is typically used elute the protein
[9,10Q]. For these conditions, intraparticle mass trans-
fer tends to be limiting. Thus, an understanding of
the related mass transfer effectsis of both fundament-
a and practica vaue. In the past, relatively few
studies have addressed this issue. Graham and Fook
[11] investigated the adsorption—desorption of BSA
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on a cellulose-based DEAE resin. They found that
the initial rate of desorption was much faster than
one would predict based on adsorption experiments,
and hypothesized that a substantial amount of protein
was bound at the outer surface of the particle and did
not encounter interna diffusional resistance during
desorption. Tsou and Graham [12] studied adsorption
and desorption of BSA on a dextran-based ion-
exchanger. Their resin showed large volume changes
as the salt concentration was varied and they
modeled this effect by including a** protein exclusion
term” in the mass balance equations. Lewus et al.
[13] examined the adsorption and desorption of a
protein from gel-filled rigid particles at different salt
concentrations. They found that adsorption kinetics
did not change substantialy as the salt concentration
was increased. However, desorption rates were ap-
proximately three times faster at high salt concen-
trations. Conder and Hayek [14] investigated the
adsorption and desorption kinetics of BSA on a weak
anion-exchanger. However, their study was limited
in scope to experiments where adsorption and de-
sorption were conducted at the same salt concen-
tration. Thus, desorption occurred very slowly, being
limited by the favorable nature of the adsorption
isotherm. Finally, Lewus and Carta [15] examined
the adsorption and desorption kinetics of cytochrome
¢ in charged polyacrylamide gels immobilized in
fused-silica capillaries. Their findings also indicated
that desorption rates at high salt concentrations were
greater than adsorption rates at low salt concen-
tration.

In our recent work [16,17] we have focused on the
characterization of the low-ionic-strength adsorptive
properties (equilibrium and mass transfer) of a novel
experimental acrylamido-based ion-exchanger for
protein chromatography known as BRX-Q. This
material showed a large equilibrium uptake capacity
at low salt concentrations (280 mg BSA/ml) and
high rates of mass transfer. As a result, the dynamic
capacity of columns packed with BRX-Q was found
to exceed 100 mg BSA/ml column volume, even in
columns as short as 1.5 cm operated at 1000 cm/h.
The performance characteristics of BRX-Q were
attributed to its unique structure, which was shown
to comprise a low-density gel phase interspersed
with denser polymeric aggregates. The high density
of ionogenic groups in BRX-Q provides a large

driving force for mass transfer and a high equilib-
rium capacity yielding very favorable dynamic ca-
pacities.

In this work we examine the adsorption and
desorption kinetics of BSA on BRX-Q at different
salt concentrations. First, the pore structure of BRX-
Q at high salt concentration is probed by inverse size
exclusion chromatography. Second, adsorption—de-
sorption kinetics experiments are conducted using
both a shallow-bed apparatus and an agitated contac-
tor. Third, the experimental data are used to formu-
late a model in order to predict the adsorption—
desorption behavior of packed columns and assess
the effect of mobile phase flow-rate on productivity.

2. Materials

BRX-Q samples were obtained from Bio-Rad
Laboratories (Hercules, CA, USA). This material isa
strong anion-exchanger based on water-soluble, hy-
drophilic and vinylic monomers polymerized to yield
spherical particles. The anion-exchange functionality
derives from the use of a monomer possessing a
quaternary ammonium ion group. Thus, no post-
polymerization derivatization is necessary since the
ionogenic monomer is incorporated directly in the
final product [16]. A version of BRX-Q with sub-
stantially similar structure and properties has recently
become available commercially from Bio-Rad Lab-
oratories and is marketed under the trade name
UNOSphere Q. The physical properties of BRX-Q,
including particle size distribution, apparent and
skeletal densities, ion-exchange capacity, scanning
electron microscopy of dried beads, and transmission
electron microscopy of thin sections of resin-embed-
ded beads, are given in Ref. [16]. The mean particle
diameter for the material used in this work is 89 um.
The samples used in this work were washed in a
gravity-fed column with aternating cycles of 500
mM NaCl and dilute buffer solutions and stored
under refrigeration in buffer.

Bovine serum abumin (BSA, Fraction V powder,
Cat. No. A-3912) was obtained from Sigma Chemi-
ca Co. (St. Louis, MO, USA) and used without
further purification. Dextran T-fractions for size
exclusion chromatography (SEC) experiments were
obtained from Amersham Pharmacia Biotech (Pis-
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cataway, NJ, USA). Other chemicals were obtained
from Sigma and from Fisher Scientific (Pittsburgh,
PA, USA). All experiments were conducted at room
temperature (22+2°C) in a 50 mM Tris—HCIl buffer
a pH 8.5.

3. Methods
3.1. Adsorption isotherms

BSA isotherms were obtained at different salt
concentrations from batch adsorption experiments as
detailed by Hunter and Carta [16].

3.2 Sze exclusion chromatography

SEC experiments were conducted using dextran
T-fractions (Pharmacia), glucose, BSA, and NaCl as
probe molecules as described by Hunter and Carta
[16]. BRX-Q was durry packed in a 0.5-cm 1.D.
glass column (Amersham Pharmacia Biotech, Model
HR 5/10) in 500 mM NaCl. The packed bed length
was 10 cm and the mobile phase flow-rate was 0.25
ml/min. A Waters Model R401 differential refractive
index detector was used with dextran, glucose, and
NaCl samples while a Waters Model 484 UV-Vis
detector at 280 nm was used for the BSA samples.
Corrections were made as described in Hunter and
Carta [16] to account for the extra-column volume.

3.3 Stirred-batch experiments

BSA uptake rates were measured at different salt
concentrations in an agitated contactor as described
in Ref. [17]. In our experiments, we used 0.2-ml
samples of BRX-Q media in 100 ml of 1 mg/ml
buffered BSA solution at the desired NaCl con-
centration stirred magnetically at 300 rpm. The
solution protein concentration was obtained by circu-
lating a stream through a UV spectrophotometer at
280 nm.

34. Shallow-bed experiments
The desorption rates were measured by a shallow-

bed method as described by Lewus et al. [13]. In this
method, a shallow adsorbent bed is first loaded with

a protein solution at low ionic strength, and then
exposed to a salt solution. Because of the extremely
low contact time, adsorption and desorption can be
regarded as if they occurred on a single particle.
Thus, the rate of desorption as a function of time can
be obtained directly by measuring the protein con-
centration in the effluent when the bed is exposed to
a salt solution. The total amount of protein desorbed
a a given time is calculated by integrating the
elution peak numerically.

The shallow bed assembly was realized with a
Pharmacia HR 5/2 glass column with two adjustable
adapters. A 5-10-ul sample of BRX-Q was
sandwiched between two 0.75-cm layers of 100 pm
PTFE beads. The flow-rates of the protein solution,
buffer, and salt eluent were 4 ml/min, which corre-
sponds to a mobile phase velocity of 1200 cm/h and
a residence time of 0.02-0.05 s. The protein feed
solution was 1 mg/ml BSA and the feed time was 50
min. The rest of the apparatus was as described
previously [17]. In our previous work [17], we
demonstrated that for these conditions the bed be-
haves as an ideal, differential contactor. The effluent
was monitored by UV at 280 nm.

3.5. Column experiments

Breakthrough and step elution experiments were
conducted in 0.5-cm diameter columns (Pharmacia,
Models HR 5/2, HR 5/5 and HR 5/10) with bed
lengths between 1.75 cm and 10 cm. Two Pharmacia
Model P-500 pumps were used to supply feed and
eluents and a ProSys Chromatography workstation
(BioSepra, Marlborough, MA, USA) was used to
monitor conductivity and UV absorbance at 280 nm.
The UV detector gave a linear response up to 5
mg/ml BSA. However, since the protein concen-
trations obtained upon elution with salt were much
higher, 0.2-ml fractions were aso collected with a
Gilson Model 202 fraction collector and analyzed
using a Beckman DU-50 spectrophotometer, follow-
ing appropriate dilutions. In general, there was good
agreement between the UV detector and fractions
collected in the range of 1-5 mg/ml protein con-
centration. However, as a result of the finite fraction
volume and the sharpness of the elution profiles,
only ‘“‘fractograms’, rather than continuous curves,
could be obtained experimentally at high protein
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concentrations. As a consequence, the eluted frac-
tions are generally somewhat less concentrated than
the instantaneous concentration values at the column
outlet, especialy at early times.

4. Results and discussion
4.1. Adsorption isotherms

The equilibrium uptake isotherms of BSA on
BRX-Q at different salt concentrations are shown in
Fig. 1. As seen in this figure, the isotherms are
nearly rectangular at 0 and 50 mM NaCl, but become
increasingly less favorable as the salt concentration
is raised further. Very limited adsorption occurs at
salt concentrations higher than 150 mM and no
protein adsorption could be detected at 500 mM
NaCl. Solid lines represent Langmuir isotherms fitted
to the data according to:

g,,bC
9= 1+0C @
where q,, and b are equilibrium parameters. These

parameters were obtained from a nonlinear fit at each
salt concentration and are summarized in Table 1.

4.2. Sze exclusion chromatography

The result of SEC experiments in Tris buffer and
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Fig. 1. Adsorption isotherms for BSA on BRX-Q in 50 mM
Tris—HCI buffer.

Table 1
Adsorption equilibrium parameters for BSA in 50 mM Tris—HCI
at pH 85
[NaCl] O b
(mM) (mg/ml) (ml/mg)
0 280 500
50 210 250
100 116 375
150 80 1.80

in buffer containing 500 mM NaCl are shown in Fig.
2a and b. The dextran T-fractions used have the
following approximate average molecular masses:
T-10=10 000, T-40=40 000, T-70=70 000, and T-
500=500 000. As is seen in Fig. 2a, in Tris buffer
alone there is little resolution of dextrans larger than
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Fig. 2. Size exclusion chromatography peaks for BRX-Q column
in 50 mM Tris—HCI buffer with (@ 0 mM NaCl, (b) 500 mM
NaCl. Experimental conditions are noted in text.
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T-10. An independent determination of the ex-
traparticle void fraction of BRX-Q columns based on
pressure drop measurements [16] yielded a value of
€, =V,/V,~0.33, which coincides with the retention
volume of the larger dextrans. Hence, it appears that
dextrans larger than T-40 are nearly completely
excluded from the intraparticle space and are eluted
in the extraparticle column void volume. The SEC
behavior at high salt concentrations does not appear
to be significantly different with regards to resolution
of the higher molecular mass probes. However, a
dlight increase in the retention volume of the larger
dextrans occurs corresponding to €, =V,/V,~0.4. A
dlight shrinking of the particles causes this variation.
Since the column volume was constant, the particle
diameter change can be estimated to be [(1— 0.4)/
(1-0.33)]*/3~0.96, or approximately a 4% de-
crease. The elution behavior of BSA a 500 mM
NaCl is adso shown in Fig. 2b. At this salt con-
centration, BSA is unretained and elutes with a
retention volume almost identical to that of dextran
T-40. Findly, Fig. 2b shows the elution behavior of
aNaCl pulsein 500 mM NaCl. The retention volume
of NaCl (V,/V,~0.85) is very close to that of glucose
(V./V.~0.82), indicating that both of these molecules
gain access to a large fraction of the intraparticle
space.

The chromatographic behavior of these unretained
probes is consistent with the structure previously
inferred for BRX-Q [16]. This material was shown to
comprise a low-density polymer gel interspersed
with denser polymer aggregates. In the absence of
attractive interactions, the polymer gel excludes
amost completely large macromolecules while it
alows small molecules such as glucose or NaCl to
freely diffuse in the particles. The presence of 500
mM NaCl does not appear to alter this behavior
significantly and causes only a small particle volume
change. The behavior of BSA is especially interest-
ing. At low ionic strength, this species is strongly
bound to BRX-Q as seenin Fig. 1. In 500 mM NaCl,
however, when the electrostatic interaction respon-
sible for binding at low ionic strength is shielded,
BSA is amost completely excluded from the intra-
particle space. For these conditions, BSA appears to
behave in a manner similar to dextran T-40. In fact,
these two molecules have a similar hydrodynamic
radius of approximately 4 nm [18].
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Fig. 3. Uptake curves for 1 mg/ml BSA in stirred-batch contactor
in 50 mM Tris—HCI at pH 8.5 at different salt concentrations.

4.3. Adsorption and desorption kinetics

The effects of salt concentration on the adsorption
of BSA are shown in Fig. 3 for experiments con-
ducted in the dtirred batch apparatus. The graph
shows the amount of BSA adsorbed per ml of
particle volume. As the salt concentration is in-
creased, the amount adsorbed at equilibrium de-
creases. However, the time needed to reach equilib-
rium also decreases. As seen in Fig. 3, the initial
portions of the uptake curves are nearly coincident
for a substantial length of time. This result indicates
that film mass transfer is the dominant resistance
early on in the uptake process, even at high salt
concentrations.

The effects of salt concentration on the desorption
rate are shown in Fig. 4 for experiments conducted
in the shallow-bed apparatus. The graph gives the
amount of BSA desorbed per ml of particle volume
at different salt concentrations. The initial BSA
loading on the particles was 280 mg/ml for each
case. As seen in this figure, desorption is essentially
complete in about 200 s for both 200 and 500 mM
NaCl, athough the rate is somewhat lower for 200
mM NaCl. The initial rate of desorption is till fairly
rapid for 100 and 50 mM NaCl. However, in this
case, the rate slows down dramatically after the first
100-200 s. This behavior is explained by the fact
that when the salt concentration is rapidly changed, a
portion of the originaly adsorbed protein diffuses
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Fig. 4. Desorption curves for BSA in shallow-bed contactor in 50

mM Tris—HCl at pH 8.5 at different salt concentrations. Initial
protein loading on BRX-Q=280 mg/ml, u=1200 cm/h.

rapidly out of the particle. Since at these lower salt
concentrations, the isotherm is dtill quite favorable
(see Fig. 1), the remaining portion of adsorbed
protein is desorbed very dowly. As the system
settles on the new isotherm at the lower salt con-
centration, the driving force for external mass trans-
fer and, thus, the rate of desorption becomes ex-
tremely small.

In order to quantitatively compare mass transfer
rates obtained for different conditions, we utilized
the following model equations:

99 _Ds 9 ¢ 509

a2 ar(Ir ar) (23

t=0, gq=q, (2b)

_n 99_

r =0, ar—o (20)
9q

r=r,,q=aq, Dsﬁzkf(c_ci) (2d)

dC  Vudg 3K Vy

@ T va T, v©To (33

t=0, C=C, (3b)

where q is the adsorbed protein concentration, Dy is
an effective diffusivity, r, is the particle radius, k; is
the boundary layer mass transfer coefficient, C and
C, are the protein concentration in the bulk fluid and

at the particle surface, and V and V,, are the solution
and particle volumes, respectively. In this model, we
assume that the intraparticle mass transfer flux is
proportional to the gradient in total protein con-
centration in the particle. Furthermore, we assume
that at the fluid-particle interface g, and C, are
related through the isotherm expression, Eq. (1),
with parameters from Table 1 at each salt con-
centration. These equations were solved numerically
by orthogonal collocation as described previously
[19], and the solution was used to determine the
effective diffusivity by fitting the experimental up-
take curves. The same equations were also used to
describe desorption in the shallow-bed by taking
Vi /V=0. The values of k,=0.001 and 0.002 cm/s,
previously determined from low protein concentra-
tion experiments [17], were used for the stirred-batch
and shallow-bed calculations, respectively. The re-
sulting D.-values are shown in Fig. 5 and calculated
curves are shown in Figs. 3 and 4. The agreement
between calculated and experimental data is good for
both adsorption and desorption experiments. How-
ever, in each case, the diffusivity increases with salt
concentration. Moreover, the diffusivities are differ-
ent for adsorption and for desorption

The effect of salt concentration on the effective
diffusivities can be explained as follows: For ad-
sorption, as the salt concentration is increased, the
attractive interaction between the negatively charged
protein and the positively charged functional groups

—e— Desorption

—a&— Adsorption

0 100 200 300 400 500 600

NaCl concentration (mM)

Fig. 5. Intraparticle diffusivities obtained from batch adsorption
and shallow-bed desorption experiments at different sat con-
centrations.
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is weakened. On one hand this can be expected to
reduce the driving force for mass transfer while on
the other it can be expected to increase the diffusion-
a mobility. The situation is different for desorption.
In this case, a large amount of protein is initially
loaded on the particle. As the salt concentration is
stepped up, salt diffuses rapidly within the particle
creating a very large driving force for desorption.
For these conditions a fraction of the pre-adsorbed
protein becomes rapidly ‘‘unbound” and diffuses
outwardly at a high rate. When desorption occurs at
lower salt concentrations only a small fraction of the
bound protein becomes free to diffuse unbound. As a
result the effective diffusivity decreases. Conversely,
at higher salt concentrations, most of the pre-ad-
sorbed protein becomes unbound upon exposure to
the salt solution. Thus, the entire amount of pre-
adsorbed protein is rapidly desorbed virtually un-
hindered by the presence of the charged functional
groups. It should be noted that while desorption from
the particles at high salt concentrations is rapid, as
discussed above, BSA remains essentially complete-
ly excluded from the particles if they are contacted
with a protein solution containing 500 mM NaCl.
This suggests that the polymer gel in BRX-Q has a
flexible structure that allows the protein to diffuse
out when pre-adsorbed at low salt and eluted with
high salt, but that prevents the protein from diffusing
in when starting at high salt.

It should be noted that a parallel diffusion model
where free and bound protein forms are treated
separately could also be considered as suggested, for
example, by Yoshida et a. [3]. In principle, the
contribution of free protein diffusion can be de-
termined under non-binding conditions (e.g., a high
salt concentrations). However, in our case, the
protein is excluded from the particle under non-
binding conditions, leading to the conclusion that
free protein diffusion in the particle is near zero.

4.4. Breakthrough and elution behavior

Breakthrough curves for BSA on BRX-Q columns
at different salt concentrations are shown in Fig. 6.
The packed column length was 3.2+0.1 cm, the
mobile phase velocity was 300 cm/h, and the feed
BSA concentration was 1 mg/ml. The column

0.8 -

0.6

C (mg/ml)

04 t

Experimental

Model prediction

0 50 100 150 200 250 300 350

Protein loading (mg/ml bed)

Fig. 6. Comparison of experimental and predicted breakthrough
curves for 1 mg/ml BSA in 50 mM Tris—HCI buffer at pH 8.5 at
different salt concentrations. Column length=3.2 cm, u=300
cm/h.

dynamic capacity decreases as the salt concentration
is increased, as the isotherm becomes less favorable.
However, the curves remain fairly sharp. For long
times, each of the breakthrough curves exhibits a
tailing behavior. This has been previously observed
in several studies using BSA as amodel protein (e.g.,
Refs. [8,17,20—22]). We determined that this tailing
is caused by the presence of a small amount of
strongly retained impurities in the feed, most likely a
BSA dimer, which was estimated to be approximate-
ly 5% (as determined by ion-exchange and size-
exclusion HPLC). To make this determination we
first equilibrated a volume of BSA solution with a
sample of BRX-Q. Since the BSA dimer is strongly
adsorbed, the supernatant remained impurity-free. We
then used the dimer-free solution to load a BRX-Q
column. No severe tailing was observed in this case,
demonstrating that the tailing is caused by the
presence of small amounts of late-eluting, higher
molecular mass impurities.

The breakthrough behavior at different salt con-
centrations was simulated using isotherm parameters
from Table 1 and the D, values obtained from batch
uptake experiments. To make these predictions we
used Egs. (2a)—(2d) along with the following materi-
a balance and boundary conditions:

aC ag  aC

ebﬁ+(1_€b)ﬁ+u520 (48
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t=0, C=C, (4b)
z=0, C=C, (40)

In these equations, ¢, is the extraparticle void
fraction and u is the mobile phase superficial ve-
locity. These equations were solved numerically as
previously discussed [19]. Since mass transfer effects
within these particles have been shown to be in-
dependent of mobile phase flow-rate [17], the param-
eters determined from the batch experiments should
provide a suitable basis for predicting the column
behavior, provided that flow conditions remain ideal.
Predicted curves are shown in Fig. 6. In general,
there is good agreement between experimental and
predicted profiles. Although a slight deviation occurs
in the breakthrough time at 150 mM NaCl, the slope
of the breakthrough curve is correctly predicted. The
model, of course, does not predict the extensive
tailing behavior since it was based on measurements
with the unpurified BSA. In turn, this causes a slight
discrepancy in the prediction of the breakthrough
curve at higher salt concentrations, where the pres-
ence of the BSA dimer has a more significant effect.

Fig. 7 shows the effluent protein concentration
obtained from the UV detector signal during ad-
sorption—elution cycles in a 1.75-cm long BRX-Q

1 ><11>4 111
.

10 |

0.8 |
E
£
£ 067 500 mM NaCl
&}

300 mM
04 200 mM
150 mM
02 | 100mM A
50 mM
0.0 . L
0 35 70 105 140 175

Effluent volume (ml)

Fig. 7. Breakthrough and elution curves for BSA in a 1.75-cm
column at 300 cm/h. (1) Feed load of 100 ml of 1 mg/ml BSA in
50 mM Tris—HCI; (II) wash with 10 ml Tris buffer; (111) elution
with salt. Profiles obtained from UV detector signal.

column (column volume=0.34 ml) operated at 300
cm/h (1 ml/min). For each run we loaded 100 ml of
a 1 mg/ml BSA solution in Tris buffer. At this
loading level, the effluent concentration approaches
95% of the inlet value. After a 10-ml wash with Tris
buffer, the column was eluted with different salt
concentrations at 300 cm/h. Prior to each successive
run the column was eluted with 500 mM sdt to
remove any residual adsorbed protein and then rinsed
with buffer. As seen in this figure, the reproducibility
of the breakthrough curves is excellent. However,
reducing the eluent salt concentration below 500 mM
significantly increases the time to achieve elution to
baseline UV values. Below 200 mM NaCl, this time
increases dramatically. For these conditions, elution
is affected by the non-linear nature of the isotherm
(see Fig. 1) and eventually becomes completely
equilibrium controlled. Fractograms showing the
complete elution profiles for these experiments are
given in Fig. 8a and the corresponding protein
recovery is given in Fig. 8b. Very high protein
concentrations are obtained as the salt concentration
is increased. At 500 mM NaCl, greater than 95%
recovery is obtained in approximately 1.5 ml (or 1.5
min). This corresponds to approximately 4.4 column
volumes. At 300 mM salt, 95% recovery is attained
in approximately 4 ml, while at lower values of the
NaCl concentration much longer times would be
needed. The presence of some BSA dimer and,
possibly, other impurities in the feed should, how-
ever, be noted as a complicating factor. Although an
effect of salt concentration in the range of 300—500
mM salt is expected even for the monomer, it is
likely that most of the difference was caused by
these impurities.

The effect of eluent flow-rate is shown in Figs. 9
and 10. In each case, the column (1.75 cm long) was
again loaded with 100 ml of a 1 mg/ml BSA
solution in Tris buffer at 300 cm/h and then eluted
with 500 mM NaCl. Fig. 9 shows the fractograms
plotted both as a function of time and eluent volume.
The insets in these figures show the protein con-
centrations derived from the UV signa below 1
mg/ml. As seen in these figures, while the euent
volume increases with flow-rate, the time needed to
attain essentially full protein recovery and to ap-
proach baseline UV values decreases with flow-rate.
In al cases, very high protein concentrations are
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Fig. 8. Effect of salt concentration on elution at 300 cm/h: (a)
elution peaks and (b) cumulative fractional protein recovery. Feed
load=100 ml of 1 mg/ml BSA, column length=1.75 cm.

obtained in the fractions collected as a result of the
high adsorption capacity of BRX-Q.

Fig. 10 shows the cumulative protein recovery
values corresponding to the experimentsin Fig. 9. As
the flow-rate is increased, the eluent volume needed
to recover 95% of the protein increases substantially.
However, the time for desorption is substantially
reduced. This may be advantageous as the cycle time
can be shortened and the protein is recovered sooner.
However, these data suggest that for an optimized
cycle there will be a trade-off between cycle time
and eluent consumption.

Fig. 11 provides a comparison of the elution
profiles for a column (1.75 cm long) loaded with
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Fig. 9. Effect of flow-rate on elution with 500 mM NaCl: (a)
effluent profiles vs. time and (b) effluent profiles vs. volume. Feed
load=100 ml of 1 mg/ml BSA, column length=1.75 cm.

different amounts of BSA and eluted with 500 mM
NaCl at 300 cm/h. In the first case, the column was
loaded with 100 ml of 1 mg/ml BSA solution in Tris
buffer at 300 cm/h while in the second case the
loading was 52 ml. As noted above, the higher
loading volume corresponds to 95% of breakthrough,
while the lower value corresponds to 10% of break-
through. As seen in this figure, the maximum protein
concentration in the eluent decreases with the lower
protein load. However, the eluent volume (and the
time of elution) needed to achieve baseline UV
values remains essentially unchanged.

The predictability of the elution behavior of the
BRX-Q columns was tested by comparison with the
model using the parameters determined from the
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Fig. 10. Effect of flow-rate on protein recovery rate with 500 mM
NaCl: (8 recovery vs. time and (b) recovery vs. volume. Con-
ditions as in Fig. 9.

shallow-bed studies and the isotherm experiments.
The model equations used to predict the break-
through curves were also used to predict the elution
behavior. In this case, the bed conservation equation
[Eq. (48)] was discretized by backward finite differ-
ences and the particle conservation equation by
orthogonal collocation. The bed void fraction was
estimated to be 0.31, based on a material balance
accounting for the protein adsorbed at equilibrium,
and is consistent with previously reported values for
BRX-Q columns [17]. To simulate the movement of
salt through the bed we assumed that salt moves as a
sharp front at a constant velocity, v,. This assump-
tion is justified by the fact that in our experiments
the salt in the elution buffer was in large molar
excess over the protein. The value of v, was de-

150

s 100 ml feed (95% bt)

52 ml feed (10% bt)

100 |

C (mg/ml)

50

0 1 2 3 4
Effluent volume (ml)

Fig. 11. Effect of protein load on elution profiles with 500 mM
NaCl at 300 cm/h. Feed concentration=1 mg/ml BSA, column
length=1.75 cm.

termined by measuring experimentally the retention
time of the salt front from the effluent conductivity.
We found that v, =(1.16+0.02) X u. This value is in
agreement with the retention volume determined
from the pulse injections of NaCl shown in Fig. 2b.
Thus, propagation of the salt through the column was
simulated by changing equilibrium and rate parame-
ters in a step-wise fashion to the values corre-
sponding to the salt concentration upstream of the
advancing front. The simulated results were *‘bin-
ned’ in fractions with the same volume as the
experimental fractions.

Fig. 12 shows a comparison of experimental and
predicted fractograms for a 1.75-cm long BRX-Q
column loaded with 1 mg/ml BSA and eluted with
different salt concentrations at 300 cm/h. The previ-
ously determined value of D_=2.4x10"° cm?/swas
used to simulate the adsorption in Tris buffer, while
the diffusivity values given in Fig. 5, obtained from
the shallow-bed experiments, were used for desorp-
tion. In general, the model is in good agreement with
the experimental results. The worst case is elution
with 50 mM NaCl. However, here the assumption of
a perfectly sharp sat front may be questionable,
which explains why the model fails to accurately
predict the maximum concentration. Nevertheless,
the model predicts the tailing behavior, which in this
case is caused largely by the favorable nature of the
isotherm.
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Fig. 13 shows a comparison of the experimental
and predicted effects of the eluent flow-rate. As in
the previous case, the diffusivities independently
determined from the shallow-bed experiments were
used in the simulations. In agreement with the
experiments, the model predicts lower concentrations
at higher flow-rates, but a faster time to attain a high
recovery of the adsorbed protein.

Adsorption—desorption  experiments were aso
conducted with a 10-cm long BRX-Q column (col-
umn volume=1.96 ml) with a feed containing 5
mg/ml BSA in Tris buffer. The feed solution was
supplied until 10% breakthrough. After a 10-ml
buffer wash, the column was eluted with 500 mM
NaCl. Fig. 14 shows the elution fractograms obtained
for this longer column at different flow-rates plotted

as a function of both time and eluent volume. As in
the previous cases, the insets show the protein
concentration determined from the UV signal in the
range 0—1 mg/ml protein. As seen in this figure, a
concentrated protein peak with some degree of
tailing at very low concentrations is obtained. Most
of the protein (>95%) is recovered in 4—6 ml. Thus,
it appears that increasing column length does
lengthen the time of elution dramatically. For the
longer column, baseline UV values are attained after
about 25-30 ml (25—-30 min) at 300 cm/h and after
about 40 ml (12.5 min) at 1000 cm/h.

Fig. 15 shows a comparison of predicted and
experimental elution curves using the same parame-
ters as before. The model predicts fairly accurately
the elution fractogram at 1000 cm/h (Fig. 15b).
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Fig. 13. Comparison of experimental and predicted elution pro-
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However, significant deviations occur at 300 cm/h
(Fig. 153). The explanation for the discrepancy is
likely viscous fingering. At 300 cm/h, the model
predicts eluted fractions containing 300 mg/ml of
BSA. The viscosity of such solutions would exceed
20 cp [23], or more than 20 times the viscosity of the
eluent. This is likely to cause severe viscous finger-
ing in the rear of the elution profile. For example,
Yamamoto et al. [24] and Czok et al. [25] have
observed severe viscous fingering effects under non-
binding conditions at protein concentrations as low
as 60 mg/ml, which is substantially lower than the
protein concentrations attained in our work upon salt
elution. Interestingly, the front of the elution profile
appears to remain sharp, and, in fact, viscous finger-
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ing is not expected to affect the leading edge of the
elution profile in the same manner. Viscous fingering
did not appear to have a strong effect on the higher
flow-rate run or results obtained with the shorter
columns. There are two principal reasons for this.
Firstly, the maximum BSA concentration predicted
for the eluted fractions is substantially lower, so that
the viscosity would be lower. Secondly, the spread-
ing of concentration bands by viscous fingering is
dependent on residence time and is, thus, likely to be
more severe for longer columns than for shorter ones
and for columns operated at lower velocities. Several
ways of controlling the eluted protein concentration
can be considered. For example, lower protein
concentrations can be obtained with multiple step
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elution with increasing salt concentrations or with
linear gradient elution.

4.5. Productivity considerations

The productivity for a cyclic adsorption—elution
operation can be defined as follows:

____amount of protein recovered 5
~ column volume X processing time ®)

where P is defined for a given percent of break-
through, say 10%. In practice, the processing time
comprises, as a minimum, four contributions: feed
load time, wash time, elution time, and re-equilibra-
tion time [10]. The time for a clean-in-place step
may aso have to be considered. However, for
simplicity, here we consider only feed load and
elution times since wash and re-equilibration times
are fairly short. Dynamic binding capacity (DBC) is
also often used as a measure of performance. The
latter is calculated as the amount of protein adsorbed
per unit column volume when the effluent reaches
10% of the feed concentration.

Fig. 16 shows the effects of superficia velocity on
DBC and the productivity. The experimental elution
times needed to attain baseline UV values were used
to calculate the productivity. In the first case, shown
in Fig. 16a, we kept the elution velocity constant at
300 cm/h, while in the second, shown in Fig. 16b,
the elution velocity was the same as the loading
velocity. It can be seen that in both cases the
productivity increases with feed mobile phase ve-
locity. However, the increase in productivity is more
pronounced if the elution velocity is aso increased.
Model predictions of the productivity were aso
made based on the predicted breakthrough behavior
and the experimentally determined elution time. In
both cases, the model predictions are in good agree-
ment with the experimental results. It should be
noted, however, that the time of elution used in these
calculations is probably unnecessarily long since
most of the adsorbed protein isin fact recovered in a
much shorter time, as shown by the fractograms in
Fig. 14. Thus, the productivity values shown in Fig.
16 are lower bound estimates. Moreover, no attempt
was made to optimize productivity, which could be
done by systematically varying the column length
and flow-rates. Thus, these productivity data are
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given only to illustrate the general trends of DBC
and productivity as a function of mobile phase
velocity.

5. Conclusions

We have studied the effects of salt on the ad-
sorption and desorption of BSA on BRX-Q, an
acrylamido-based anion-exchanger. This material
possesses a heterogeneous gel structure that is suffi-
ciently rigid to alow column operation at fairly high
flow-rates, while retaining a high adsorption capaci-
ty. In the absence of an attractive interaction, macro-
molecules are nearly completely excluded from the
intraparticle space of this material. However, nega-
tively charged proteins are strongly bound at low salt
concentrations and are eluted quantitatively at high

concentrations. The adsorption capacity for BSA
decreases as the salt concentration is raised. How-
ever, both adsorption and desorption rates increase as
the salt concentration is increased. This behavior is
attributed to the fact that the protein mobility in the
gel increases as the attractive interaction with the
functional groups of the media is shielded by the
salt. Effective diffusivities based on a homogeneous
diffusion model were obtained for adsorption and
desorption of BSA at different salt concentrations
from batch and shallow-bed experiments. The model,
in conjunction with the experimentally determined
diffusivities, provides a good prediction of the
elution behavior of packed columns with different
lengths, mobile phase velocities, protein feed con-
centrations, and salt concentrations. As aresult of the
high equilibrium adsorption capacity and mass trans-
fer rates of BRX-Q, high dynamic capacities, high
productivity, and highly concentrated product frac-
tions can be obtained even in very short columns.
The experimental approach and model developed in
this work provide the means for the determination of
optimum operating conditions.

6. Nomenclature

b Adsorption isotherm parameter (ml/mg)

C Protein concentration in solution (mg/
ml)

C: Feed protein concentration (mg/ml)

C, Initial protein concentration in solution
(mg/ml)

C, Protein concentration in solution at par-
ticle-fluid interface (mg/ml)

D, Effective diffusivity (cm?/s)

K External film mass transfer coefficient
(ecm/9

P Productivity (mg/ml min)

q Protein concentration in particle (mg/
ml)

o} Protein concentration in particle at par-
ticle-fluid surface (mg/ml)

(o8 Adsorption isotherm parameter (mg/ml)

do Initial adsorbed protein concentration
(mg/ml)

q Average concentration in particle (mg/
ml)
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Particle radia coordinate (cm)

Particle radius (cm)

Time (9

Mobile phase superficial velocity (cm/s)
Velocity of propagation of salt front
through bed (cm/9)

Solution volume (ml)

Column volume (ml)

Eluted volume (ml)

Volume of adsorbent particles (ml)

Bed length coordinate (cm)
Extraparticle void fraction

(SN =l e T
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