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Abstract

The uptake of proteins by composite porous silica~polyacrylamide gel ion exchangers known under the trade name
HyperD, is investigated. These ion exchangers are found to have an exceptionally high static adsorption capacity, greater
than about 200 mg/cm”’, and a rapid uptake kinetics. Being mechanically quite strong, they are suitable for chromatography
applications at elevated mobile phase flow-rates. The uptake equilibrium of proteins by these ion exchangers is obtained
experimentally and is found to follow the mass action law. Thus, reversible adsorption and desorption of proteins is obtained
by varying the solution ionic strength, Batch mass transfer rates in an agitated contactor under favorable uptake conditions
are also obtained. The uptake kinetics is controlled by the fluid phase mass transfer resistance for low protein concentrations,
and by the intraparticle mass transfer resistance at high protein concentrations. In the latter case, the uptake is quite rapid and
nearly complete saturation of particles 49—76 wm in diameter can be obtained in 5 to 10 min. The parameters of a model
describing the batch uptake kinetics in these ion exchangers are obtained by comparing experimental results with model
predictions.

Keywords: Mass transfer; lon exchangers; Stationary phases, LC; Preparative chromatography; Proteins; Albumin;
Ovalbumin; Lactalbumin

1. Introduction performance of a given stationary phase and max-

imizing each independently is a constant challenge

The optimized design of stationary phases suitable for media manufacturers. Biological macromolecules

for preparative chromatography of biological macro- have low diffusivity and this limits to a great extent
molecules frequently requires that a compromise be the rate of intraparticle mass transfer.

struck among capacity, adsorption kinetics, and flow Both rigid porous matrices and soft, gel-type

characteristics. Each of these factors affects the media are used extensively in protein chromatog-

raphy. Stationary phases comprising porous rigid
matrixes, such as silica or crosslinked polystyrene,
must have large pores to minimize diffusive hin-
*Corresponding author drance. This may limit the available surface area and,
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gradients with little or no compression. Hence, small
particles can be used to reduce mass transfer resist-
ance while operating at high flow-rates. On the other
hand, “soft”, gel-type stationary phases, such as
polyacrylamide, cross-linked dextran, agarose, or
cellulose, can exhibit a large adsorption capacity
since a very high concentration of functional groups
is achievable. However, they are generally quite
compressible and, thus, they are only useful over a
limited range of mobile phase flow-rates. Moreover,
these materials can be susceptible to significant
volume changes occurring when the mobile phase
composition is changed.

A number of approaches have been introduced in
the past to circumvent low diffusion rates in station-
ary phases for protein chromatography and increase
the speed of separation. The use of pellicular par-
ticles, comprising a thin retentive layer held on the
surface of a non-porous support, has been suggested
[1,2]. Such stationary phases eliminate intraparticle
mass transfer limitations, but they have only a very
low capacity and thus they are useful essentially only
in analytical applications. A second approach is the
use of porous stationary phases which are permeable
to fluid flow [3,4]. Such stationary phases can have a
bimodal pore structure including smaller pores that
provide a large fraction of the adsorption capacity
and large connected pores that allow convective fluid
transport. Under appropriate conditions in packed
columns, intraparticle convection enhances the rate
of mass transfer of slowly diffusing solutes increas-
ing the speed of separation [5~9]. A third approach
which has been suggested is the use of composite
stationary phases that combine the desirable charac-
teristics of rigid porous media with those of soft-gel
matrices. These stationary phases comprise a rigid
skeleton that provides mechanical strength and a soft
gel for the interaction with the solutes to be sepa-
rated [10]. Examples of such materials include
porous silica—dextran composites [11], Kieselguhr—
agarose composites [12], and polyhydroxylethyl
methacrylate  (HEMA)~dextran composites [13].
Composite media can be designed to have a large
adsorption capacity realized through the high density
of functional groups which is achievable with gels.
At the same time, elevated mobile phase flow-rates
can be tolerated because of the structural strength of
the rigid support.

Recently, porous silica—polyacrylamide composite
stationary phases, known under the trade name
HyperD, have been introduced for ion-exchange
chromatography of proteins [10]. A version of these
materials, which is studied in this work, comprises a
very low surface area and high porosity polystyrene—
silica matrix whose pores are filled with a function-
alized polyacrylamide gel. The result of this associa-
tion is a high capacity stationary phase that can be
used at high flow-rates of the mobile phase in a
chromatography column. For one such medium
Boschetti [10] has reported an adsorption capacity
for bovine serum albumin (BSA) of 125 mg/cm’
with an efficiency of utilization of the functional
groups of 0.85 mg of protein per mequiv. of
ionogenic groups. Based on the high dynamic
capacity exhibited by HyperD media at relatively
high flow-rates, Boschetti concluded that the hydro-
gel filling of these materials provides access to the
active sites by rapid diffusion mechanisms. The
chromatographic performance of materials of this
type has also recently been discussed by Horvath et
al. [14]. Other authors [15] have shown that the
HyperD media is stable in oxidizing agents, such as
peracetic acid, which can be used to obtain a very
rapid and effective in-situ sanitization, making these
stationary phases attractive for preparative applica-
tions.

In this work, we have determined experimentally
the equilibrium uptake of representative proteins by
Q-HyperD anion-exchange media as well as mass
transfer rates in a stirred, finite bath, batch contactor.
The experimental results are expressed in terms of
equilibrium and kinetic models to obtain values of
characteristic parameters useful for predicting the
behavior of these stationary phases in chromato-
graphic applications. Mass transfer rates in packed
columns and dynamic capacity data are given in Part
II of this paper, along with a model to predict the
breakthrough behavior.

2. Experimental

2.1. Materials

HyperD stationary phases (BioSepra, Mar-
Iborough, MA, USA) were used in this work. These
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materials consist of macroporous polystyrene-silica
particles whose pores are filled with a functionalized
polyacrylamide hydrogel. The Q-HyperD media
contains a quaternary ammonium ion functionality
and, thus, is a strong-base anion exchanger. Some
details on the preparation of matrices of this type are
given by Girot and Boschetti [16].

Two grades of Q-HyperD media were obtained
from BioSepra, Q-HyperD-F (Lot No. 3259) and
Q-HyperD-M (Lot No. 3186). These two grades
differ only in their particle size. Each sample was
pretreated with a 1 M NaCl solution and rinsed with
a 50 mM Tris—HCI aqueous buffer at pH 8.6. Excess
buffer was then removed from the hydrated media by
centrifugation in a centrifuge tube equipped with a
glass frit before storing the samples in sealed con-
tainers. The total water content of each media sample
pretreated in this manner was determined from the
mass loss on drying in an oven at 110°C. It varied
between 55 and 58% (w/w) depending on the extent
of centrifugation.

The particle density of hydrated HyperD particles
was estimated to be 1.424 g/cm’. This value was
obtained using the porosity value of 0.65 of the dry
matrix used to prepare the HyperD media [17] and
by assuming a density of 1.0 g/cm’ for the hydrogel
that fills the pores of the particles in their hydrated
state. A skeletal density of 2.21 g/cm’ was assumed
for the silica backbone of the support matrix. The
estimated particle density agrees with the manufac-
turer estimate of specific gravity between 1.3 and 1.5
[18].

We also determined the particle size distribution of
each of the HyperD by taking microphotographs of
hydrated particles in aqueous suspension at 100X
magnification with a Bausch and Lomb (Rochester,
NY, USA) Balplan microscope. The preponderant
particle shape was spherical in each case, although
each sample contained many irregular particles.
Thus, for a consistent determination, for each particle
in a micrograph section containing at least 120
particles, we obtained an approximate equivalent
spherical size with the aid of a calibrated template.
The corresponding distribution of particle sizes is
given in Fig. la and b on a volume fraction basis.
The volume-average particle diameters were 49 um
and 76 um respectively for the F and M grades of
Q-HyperD.
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Fig. 1. Particle size distribution of Q-HyperD media. (a) Q-
HyperD-F, Lot. 3259, (b) Q-HyperD-M, Lot. 3186.

Three different proteins were used as model
compounds: BSA (M,~65 000, p/~4.9), ovalbumin
(OVA, M,~45 000, p/~4.6), and a-lactalbumin from
bovine milk (LACT, M ~16 000, p/~5). Purified
preparations of these proteins were obtained from
Sigma (St. Louis, MO, USA). Proteins solution were
prepared by dissolving these samples in 50 mM
Tris—-HC] aqueous buffers at pH 8.5-8.6. At this pH,
each protein is strongly negatively charged and is
thus suitable for ion-exchange with Q-HyperD. The
concentration of each protein in solution was ob-
tained spectrophotometrically at 280 nm using a
Beckman (Fullerton, CA, USA) Model DU50 spec-
trophotometer.

2.2. Equilibrium experiments

The static equilibrium uptake capacity of Q-Hy-
perD media was determined for each protein from
batch experiments. In these experiments, solutions
containing initial known concentrations of protein
(10 c¢cm®) were contacted with a known amount of
HyperD media (0.025 cm’) in sealed test tubes,
rotated end to end in a laboratory rotator at about 60
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rpm. After attainment of equilibrium (which was
demonstrated by the fact that there was no further
variation in the sample), the supernatant was sampled
to determine the residual protein concentration in
each tube by spectrophotometric analysis. The
amount of protein adsorbed was then obtained from
the material balance

14
9=y (G=0) (H

where g is the amount of protein adsorbed per unit
volume of media, V is the volume of solution, V,, the
volume of media, and C, and C are respectively the
initial and equilibrium protein concentration in solu-
tion. Since the total water content of the media
samples used was somewhat variable, in order to
standardize conditions, the results were expressed in
terms of the volume of hydrated particles. This was
obtained from the dry mass of each media sample
determined as described above together with the
estimated apparent density of the dry particles. All
experiments were carried out at room temperature
(23£2°C).

2.3. Batch kinetics experiments

The amount of protein taken up as a function of
time by the HyperD media in an agitated contactor
was obtained for each of the test proteins and particle
size grades. The apparatus used for these determi-
nations is similar to the one used by Grzegorczyk
and Carta [19] and comprises a glass vessel (5 cm in
diameter and 7 cm long) with a slightly conical,
upwardly pointing bottom. This vessel is equipped
with a PTFE-coated, magnetically driven impeller
with 4-cm flat blades. The impeller shaft rests
between a recess in the vessel lid at one end and the
conical bottom of the vessel at the other. This
arrangement prevented destruction of the media by
grinding. Q-HyperD media samples were fully sus-
pended in the vessel by agitation at approximately
300 rpm. The protein concentration in solution was
monitored by continuously recirculating a small
stream through a spectrophotometer (Bausch and
Lomb, Spectronic Model 601) equipped with a low-
volume quartz flow cell. This stream was drawn
through a 10-um stainless-steel frit (Upchurch Sci-
entific, Oak Harbor, WA, USA, Model A302) with a

Cole—Parmer (Niles, IL, USA) peristaltic pump,
passed through the flow cell and returned to the
vessel. The total response time of the circulation
loop and detection system was estimated to be about
5 s by observing the absorbance readings in response
to a step change in concentration in the vessel in the
absence of stationary phase. The residence time in
the loop, estimated from the tubing and flow cell
volumes and the pump flow-rate, was actually small-
er than 5 s.

Transient uptake experiments with BSA were
performed either by quickly introducing a media
sample in a volume of solution already loaded in the
vessel, or by injecting a bolus of BSA into a volume
of buffer in which the media sample was already
suspended. The two techniques yielded essentially
the same result, except for very short times, where
the former technique appeared to yield more con-
sistent results. This technique was thus used for
experiments with ovalbumin and lactalbumin. In
each case, 100 cm’ solutions containing different
initial protein concentrations in the range 0.1-2 mg/
cm’ were contacted with 0.25 cm’ samples of Q-
HyperD. The exact volume of particles introduced in
the vessel was determined as before using the known
mass of the sample, its water content, and the
estimated apparent particle density.

The spectrophotometer digital absorbance signals
were collected with a microcomputer (AT&T, New
York, NY, Model PC6300) and converted to con-
centration with calibration curves. As in the case of
batch equilibrium experiments, the amount of protein
taken up by the media at each time was obtained
from the material balance, Eq. (1). The experiments
were all carried out at room temperature.

3. Results and analysis
3.1. Uptake equilibrium

The uptake equilibrium of BSA by Q-HyperD-F
and -M is shown in Fig. 2 for 50 mM Tris—-HCl
buffer solutions containing different NaCl concen-
trations. The uptake of ovalbumin and a-lactalbumin
by Q-HyperD-M in 50 mM Tris—HCI buffer is given
in Fig. 3 and Fig. 4. The uptake of each of the
proteins studied is clearly very favorable for these
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Fig. 2. Equilibrium uptake of BSA by Q-HyperD media at
different NaCl concentrations in a 50 mM Tris—HC] buffer at pH
8.6. Lines are calculated from the Langmuir isotherm (Eq. 2) and
from the mass action law isotherm (MA, Eq. 3b) using the
parameters in Table 1.

conditions. As is shown by the BSA data, however,
the uptake is depressed by the addition of salt. We
found that at salt concentrations greater than about
300 mM there was no retention of BSA by Q-
HyperD media. We also found that essentially all of
the BSA taken up in the absence of salt could be
desorbed by adding 500 mM NaCl to the solution.
The two grades of Q-HyperD yielded essentially the
same uptake capacity for BSA at both high and low
salt concentrations.

The uptake capacity of these ion exchangers,
leveling off at about 200 mg/cm3, is indeed quite
high. If the silica matrix is considered inert, this
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Fig. 3. Equilibrium uptake of ovalbumin by Q-HyperD-M in a 50
mM Tris-HCI buffer at pH 8.6. Lines are calculated from the
Langmuir isotherm (Eq. 2) and from the mass action law isotherm
(MA, Eq. 3b) using the parameters in Table 1.
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Fig. 4. Equilibrium uptake of @-lactalbumin by Q-HyperD-M in a
50 mM Tris—HCI buffer at pH 8.6. Lines are calculated from the
Langmuir isotherm (Eq. 2) and from the mass action law isotherm
(MA, Eq. 3b) using the parameters in Table 1.

uptake capacity can be translated into about 300 mg
of protein per em® of gel-filled pores. Such a high
capacity is not uncommon in soft gel media [10], but
is rarely found in rigid porous matrices that rely on
surface area for their capacity.

Two models were used to fit the experimental
uptake isotherms. The first one is the Langmuir
isotherm which is expressed by

_ g.bC 5
1= T +5C 2)

where g, is the maximum adsorption capacity and b
is an affinity coefficient. Because the uptake of
proteins by ion exchangers involves a heterovalent
interaction with the media functionality, the physical
assumptions underlying the theoretical derivation of
the Langmuir isotherm are violated [20]. Thus, Eq.
(2) is generally unable to fit data at different salt
concentrations unless different values of both g, and
b are used for each condition. Nevertheless, in spite
of its shortcomings such a model has been used
successfully by several authors [21-23] to describe
the uptake of proteins by anion and cation ex-
changers in a purely empirical way.

The second model considered in this work is one
based on the mass action law for the heterovalent
exchange of protein and salt counterions. According
to this formalism the equilibrium uptake of a protein
is viewed as the result of the stoichiometric exchange
of protein and salt counterions. For a univalent salt,
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I, and a protein, P, with an effective charge n, this is
expressed by [24,25]

nRl + P=R P+ nl (3)
with equilibrium constant

[R,PILN"  qCy (3a)

(RI)[P]  ¢,C
where R represents the functional groups in the ion
exchanger. These have a fixed concentration g, =
ng+gq,. The following isotherm expression is ob-
tained relating the concentration of protein in solu-
tion, C, to the concentration of protein in the ion
exchanger, g, and to the counterion concentration in
solution, C,

Cn
C = n q l ”n
Kn'(g,— 9

where g, =g, /n.

The two models described above, although not
rigorous, could fit the experimental data for the
uptake of proteins by Q-HyperD media approximate-
ly equally well within the apparent scatter of the
results as is shown in Figs. 2-4. The Langmuir
isotherm parameter were obtained at each salt con-
centration, while for the mass action law model, only
one set of parameters was found to fit the data
accurately at both salt concentrations used for BSA
(0 and 100 mM). Thus, an advantage of this model
appears to be the fact that the effect of the counterion
concentration can be predicted without a need for
additional parameters. In fitting the mass action law
model for the uptake of ovalbumin and lactalbumin,
since data were only available in the absence of
added salt (C,=[Cl ]=50 mM), g, was assumed to
have the same value as that found for BSA, while n
and K were determined from a data fit. It should be
noted that it could also be possible to fit the

(3b)

ovalbumin and lactalbumin data using the same
value of g, (the total ion-exchange capacity of the
media) as that found for BSA. Using the same g,
value proved however satisfactory, since the effect of
salt concentration is not considered for ovalbumin
and lactalbumin. The fitted parameters values are
summarized in Table 1. Values of the equilibrium
constant K are given for the practical units of mmol/
mg of protein for use in 3b with ¢ and C expressed
in mg/cm’ and C, in mmol/cm”. The values of the
dimensionless equilibrium constant are found by
multiplying the K values in Table 1 by the molecular
mass of each protein to the power n. The corre-
sponding values of K are 2.8-107, 4.4-10° and
1.6-10" for BSA, ovalbumin, and a-lactalbumin,
respectively.

Other more complicated models taking into ac-
count steric interactions could be considered as
perhaps more realistic approximations. Brooks and
Cramer [26], for example, have shown that a model
that takes into account the partial shielding of
functional groups on the support can provide a more
accurate representation of protein equilibrium uptake
by ion exchangers. Although potentially quite useful,
we did not make use of this model in fitting the data
since the range of salt concentrations considered was
not sufficient to provide a statistically meaningful
evaluation of the added parameter that appears in this
model.

3.2. Uptake kinetics

Mass transfer in a gel-type ion exchanger is
potentially affected by two resistances in series: the
external film resistance and the intraparticle mass
transfer resistance. The following set of conservation
equations and boundary conditions can be written to
relate these two transport resistances to the ex-
perimental batch uptake kinetics.

Table 1
Equilibrium parameters for adsorption on Q-HyperD media in a 50 mM Tris—HCI buffer at pH 8.6
Protein [NaCl] qn 4 q, n K

(mM) (mg/cm’) (cm’/mg) (mg/cm?) (mmol/mg)"
BSA 0 215 50 270 5.35 5.0-107"
BSA 100 125 5.0 270 5.35 50-107"
OVA 0 220 45 270 430 43-107"
LACT 0 220 15 270 3.80 1.7-107"




M.A. Fernandez, G. Carta | J. Chromatogr. A 746 (1996) 169—183 175

For the particles:

ﬂ _ Ds a ( 2 aq
at 2 or or 4)
dq
r=20, o 0 (4a)
dq

r=RP,DSE=kf(C—Ci) (4b)
1=0,g=0 (4¢)
and for the solution:

ac 3k Vy Vi dg

a- kR vE Oy (3)
t=0,C=C, (5a)

where ¢ is the average solute concentration in the
particle. Equilibrium may be assumed to exist at the
particle—fluid interface. Thus, using, for example, the
mass action law equilibrium model, the interfacial
concentrations g, =g(R ) and C; are related by

N
Ci = n ql : "
Kn (qn _ql)

In these equations, Rp is the particle radius, D_ is the
intraparticle protein diffusivity, and &, is the external
film mass transfer coefficient at the particle—fluid
interface. The latter accounts for the mass transfer
resistance in the hydrodynamic boundary layer that
surrounds the particle.

Eq. (4), with its associated boundary conditions,
is based on the assumption that the driving force for
diffusion in the particle is the total protein con-
centration. Assuming that protein diffusion occurs
only through the gel-filled pores, the actual gel-
diffusivity is related to D, through the porosity and
tortuosity of the unfilled support matrix. A similar
assumption regarding the driving force for intraparti-
cle mass transfer has previously been used by Tsou
and Graham [21] and by Graham et al. [27] to
describe the uptake of proteins in dextran-based ion
exchangers. These authors formulated their model
using a “linear driving force approximation’ to
describe intraparticle mass transfer in terms of
homogeneous diffusion and a film mass transfer
coefficient to describe mass transfer outside the
particle. More complicated models, accounting for

(6)

parallel surface and pore diffusion of proteins in ion
exchangers have also been considered by other
authors. Bloomingburg and Carta [23], for example,
found that the transient batch uptake of hemoglobin
by S-Sepharose could only be described by assuming
that diffusion of bound protein occurs in parallel
with pore diffusion of unbound protein. A similar
conclusion was reached recently by Yoshida et al.
[28] for the transient uptake of BSA by a strong-base
chitosan ion exchanger.

The relative importance of external and intraparti-
cle mass transfer resistances is strongly dependent on
the solution composition. The uptake of proteins by
Q-HyperD at low salt concentrations 1is extremely
favorable, as is shown by the nearly rectangular
shape of the isotherms depicted in Figs. 2—-4. Thus,
as a practical matter, the protein concentration in the
stationary phase is nearly constant and essentially
independent of the protein solution concentration.
For these conditions, a simple criterion is available
to determine the controlling resistance in terms of the
magnitude of the dimensionless group [29]

_ VKR G
_5 Ds 510

0 (7)

where ¢, is the saturation capacity of the adsorbent.
When & is small compared to unity, the external film
resistance is dominant. In this case, the protein
concentration at the particle surface is negligibly
small and the uptake rate is proportional to the bulk
fluid phase solution concentration. Conversely, when
6 is large compared to unity, the intraparticle mass
transfer resistance is dominant. For these conditions,
when the uptake isotherm is highly favorable, the
protein concentration at the particle surface is nearly
constant and equal to the saturation capacity. The
uptake rate is then essentially independent of the
bulk fluid phase concentration. Clearly, this criterion
is not rigorous as it is derived simply by comparing
the time scales of the two transport processes
considered independent of each other. Thus, for
example, the criterion is not valid for very short
times, when the external film resistance is always
dominant [29]. It is also not valid for very long
times, when the adsorbent is nearly saturated and
intraparticle mass transfer becomes very slow.
Nevertheless, this criterion allows one to simplify the
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determination of D, and k; by considering ex-
perimental conditions leading to the two asymptotic
cases of external film and intraparticle mass transfer
control. This can be attained in the stirred batch
experiments by operating with very low and very
high protein concentrations. The limiting solutions
are found as follows. Under external film mass
transfer control, C,~0. Thus, Eq. (5) can be inte-
grated directly yielding the following result for the
protein concentration in solution, C, and for the
average protein concentration in the adsorbent, g,

C_ 3k, Vi o
¢, P\ "R V! @)

_VG 3k Y
qg= v, 1 —exp -—Rp Vt (8a)

Under intraparticle mass transfer control, ¢, =g(R )~
q,- and Eq. (4) can be integrated directly yielding the
well known result [29]

- ES 2 _2
7] 6 1 k"Dt
—=1*—22‘56Xp<—*2 ©)
- Rp
A useful approximation of this series solution suit-
able for approximate numerical calculations, is given

by Helfferich and Plesset [30] as

qi ~{1 —exp{m’[—7 + 0.9607% — 2.927°|}}'"?
0

(10)

where 7=Dst/R[2).

Using the limiting solutions described above
and D, can be determined independently by fitting 8a
to transient uptake data obtained at a protein con-
centration sufficiently low that film resistance is
dominant and by fitting Eq. (9) or Eq. (10) to
transient data obtained at a concentration sufficiently
high that intraparticle mass transfer is dominant. Of
course, data at intermediate concentrations will not
conform to either equation and will require that a full
solution of the model (Eqs. (4—-6)) be used to predict
the results. It should be noted that a more general
criterion to determine the controlling resistance
which includes the effect of selectivity is given in
[29]. The criterion used here is valid when the
selectivity is very high as in the case of the low salt
concentrations used experimentally in this work.

250
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Fig. 5. Transient uptake of BSA by Q-HyperD media in an
agitated contactor for (a) Q-HyperD-F and (b) Q-HyperD-M in a
50 mM Tris—HC! buffer at pH 8.6. Lines are calculated from Eq.
(8a) for C,=0.1 mg/cm” and from Eq. (10) for C,=2 mg/cm’.

Experimental data showing the amount of protein
taken up as a function of time are given in Fig. 5 and
Fig. 6 for the lowest and highest initial protein
concentrations used. At the lowest concentrations,
the amount of protein present in the vessel is
insufficient to completely saturate the media sample.
Thus, for these conditions, toward the end of the
experiment the solution protein concentration ac-
quired vanishingly small values. However, when an
initial concentration of 2 mg/cm’ was used, the
amount absorbed equaled the saturation capacity
previously determined in equilibrium experiments.
For each of the proteins, Eqs. (8a) and (10) were
used to fit the low and high concentration data shown
in these figures. The resulting values of D, and k; are
summarized in Table 2 and calculated lines are
shown in the corresponding figures for BSA, oval-
bumin and a-lactalbumin. Table 2 also gives the
calculated Sherwood number (Sh :dpkf/D) using the
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Fig. 6. Transient uptake of () ovalbumin and (b) a-lactalbumin
by Q-HyperD-M in an agitated contactor in a 50 mM Tris—-HCl
buffer at pH 8.6. Lines are calculated from Eq. (8)a for C,=0.1
and 0.2 mg/cm’ and from Eq. (10) for C,=2 mg/cm’.

free aqueous solution diffusivity values, D, reported
for each protein by Tyn and Gusek [31] (6.0 1077,
7.8-1077, and 10.6-1077 cm?®/s for BSA, oval-
bumin, and a-lactalbumin respectively).

As is seen in Fig. 5, the same diffusivity value
provides an excellent fit of the BSA data for both
Q-HyperD-F and Q-HyperD-M when the initial
protein concentration is 2.0 mg/cm’. For these
conditions, intraparticle mass transfer is controlling

Table 2
Kinetic parameters for adsorption on Q-HyperD media in a 50
mM Tris—HCI buffer at pH 8.6

Protein  Media D, (cm’/s) k, (cm/s) Sk =kd ID
BSA Q-HyperD-F 921077 251077 204
BSA Q-HyperD-M  9.2-107°  14-107° 177
OVA Q-HyperD-M  15-107° 19-107° 185
LACT  Q-HyperD-M  16-107° 251077 179

and the rate of fractional approach to saturation,
F=glq,, varies inversely with the square of the
particle size (see Eq. (9)). A constant effective
diffusivity confirms that the different size particles
have the same structure and properties. Conversely,
when the initial concentration is 0.1 mg/cm3, a
different external mass transfer coefficient is found
for each Q-HyperD grade, consistent with the fact
that for fine particles suspended in agitated contac-
tors lower mass transfer coefficients are normally
found as the particle size is increased [32]. For both
low and high protein concentrations the fit is quite
good, although some more significant deviations
occur at short times when the high concentration
runs are fitted neglecting the external film resistance.
This is expected, however, since for very short times
when the particles are almost completely devoid of
protein, the extermal film resistance should be im-
portant even when the protein concentration in
solution is very high. Data for ovalbumin and «-
lactalbumin were obtained only with Q-HyperD-M.
Higher intraparticle diffusivities and external film
coefficients are found for these smaller proteins
compared with BSA.

To confirm the validity of these determinations of
mass transfer parameters, we also carried out experi-
ments at intermediate protein concentrations and
compared these runs with the predictions of the full
model including both external and intraparticle re-
sistances. The results are shown in Fig. 7 and Fig. 8.
The model equations (Egs. (4-6)) were solved
numerically using a procedure similar to that de-
scribed by Saunders et al. [33]. In this procedure, the
particle conservation equation (Eq. (4)) is discretized
in the radial direction by orthogonal collocation
using Jacobi polynomials. The resulting system of
ordinary differential equations is then integrated
numerically along with the fluid phase mass balance
(Eg. (5)) using IMSL routine DVIPAG. The mass
action law isotherm was used in carrying out these
calculations. Eq. (6) was solved using the Newton’s
method to find the interfacial composition at each
time step in the integration routine. The equilibrium
parameters, g,, #, and K used in the simulations were
those obtained from the static equilibrium experi-
ments. The mass transfer parameters, &, and D_, were
those given in Table 2, which were determined by
matching the limiting solutions of the model for
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Fig. 7. Transient uptake of BSA by (a) Q-HyperD-F and (b)
Q-HyperD-M for different initial protein concentrations in a 50
mM Tris—HCI buffer at pH 8.6, Lines are obtained from the
numerical solution of the complete kinetic model including both
external and intraparticle resistances (Egs. (4-6)) using the
parameters in Tables 1 and 2.

external and intraparticle mass transfer control to the
low and high concentration data. These parameters
are, in principle, independent of concentration. Thus,
if the model is correctly formulated, they should
provide a good prediction of data at any intermediate
protein concentration. This is indeed observed as
shown in Fig. 7 and Fig. 8. In each case, at low
concentration there is essentially no difference be-
tween the numerical solution of the full kinetic
model and the analytical solution for external film
mass transfer control, confirming that intraparticle
mass transfer limitations are indeed absent for these
conditions. Similarly, at high concentration, the
numerical solution of the full kinetic model is very

250 T v v T T
(a) Cp=2 mg/cm®
200
3
~ 150} C,=0.5 mgicm® |
§
k= £
£ 100 | §
r§ 3
o CD=0A2 mg/cm
50 ——— Complete mode! prediction .
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0 R . ) . .
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Time (s)
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D =16x10" cmfs
k=0.0025 oms
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Fig. 8. Transient uptake of (a) ovalbumin and (b) a-lactalbumin
by Q-HyperD-M for different initial protein concentrations in a 50
mM Tris—=HCI buffer at pH 8.6. Lines are obtained from the
numerical solution of the complete kinetic model including both
external and intraparticle resistances (Egs. (4-6)) using the
parameters in Tables | and 2.

close to the analytical solution that takes into account
intraparticle mass transfer only, indicating that for
these conditions external mass transfer resistance is
indeed negligible. It should be noted that the predic-
tion of the high concentration uptake curves is
actually significantly better with the full kinetic
model than with the solution for intraparticle mass
transfer only, since the former correctly predicts
finite mass transfer rates for short times while the
latter incorrectly predicts an infinite rate of mass
transfer at the initial time. At each intermediate
protein concentration both external film resistance
and intraparticle mass transfer resistance are im-
portant, but, of course, both D_ and k; should remain
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approximately the same. As shown in Figs. 7 and 8,
the effects of both of these resistance combined are
accurately predicted by the full kinetic model, dem-
onstrating the validity of the experimentally deter-
mined values of D, and k, for each protein.

A second test of the validity of the external film
mass transfer coefficients obtained experimentally
consists of comparing the calculated Sherwood num-
ber with values that can be obtained with literature
correlations. Armenante and Kirwan [34] have car-
ried out a very extensive investigation of mass
transfer to fine particles suspended in an agitated
contactor. Their data include broad ranges of particle
sizes (6-427 pm) and Schmidt numbers (Sc =420-
130 000) covering the range of particle sizes and
Schmidt numbers pertaining to our experiments with
Q-HyperD. Armenante and Kirwan have suggested
the following empirical correlation to predict the
Sherwood number in agitated contactors

—1/3 44/3\ 0.52
Sh=24+052\—" Sc'”? (11)
14

where € is the mixer power input per unit mass of
fluid, a’p is the particle diameter, p is the kinematic
viscosity, and Sc =»/D is the Schmidt number. This
correlation is plotted in Fig. 9 along with data from
several other investigators that have been summa-
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Fig. 9. Comparison of experimental Sherwood number obtained in
this work for Q-HyperD media (F and M grades) with literature
data for other systems summarized by Armenante and Kirwan
{34]. Literature data are represented by the same symbols as Fig.
11 in [34]. Data obtained in this work are labeled individually.

rized by Armenante and Kirwan (see Fig. 11 in [34]
for the key to the experimental points in this graph).
Following Armenante and Kirwan, the power input
is estimated from power number correlations as a
function of the agitation speed and the geometry of
the stirrer with the methods of Uhl and Grey [35].
Such an estimation can, of course, be somewhat
inaccurate. However, since the power of € in Eq.
(11) is quite small, even relatively large errors in &€
lead to relatively small errors in the estimated mass
transfer coefficient. Moreover, at high agitation
speeds, power number correlations typically ap-
proach a constant power number, which improves
the accuracy of estimation of €.

Using the methods of Uhl and Grey [35] for our
system, which comprises a 4-cm impeller at 300 rpm
with 100 cm” of solution, we have estimated a power
input €=450+190 c¢m’/s’. Our data for Q-HyperD-
F and M are plotted in Fig. 9, using this estimated
value of € As seen in this figure, there appears to be
substantial agreement between our experimental
mass transfer coefficients for proteins to Q-HyperD
particles with the data of several other investigators
for different systems and with the correlation of
Armenante and Kirwan.

Finally, we have also considered explicitly the
effect of the particle size distribution on modeling
uptake rates. In fitting the experimental data with Eq.
(9) or Eq. (10), we used the volume-average particle
radius of each media sample. It is well known (see,
for example, [36]) that use of the volume-average
size is generally satisfactory provided that the par-
ticle size distribution is reasonably symmetrical. We
verified that such an approximation is valid for
HyperD by solving the model equations numerically
while taking into account the particle size distribu-
tion in an explicit manner. Using Q-HyperD-M as a
test case, we assumed that this media comprises
particles with nine different sizes following the
particle size distribution of Fig. 1b. The particles are
assumed to be identical otherwise. The conservation
equations were then solved numerically for each
particle size using the fluid phase mass balance to
account for the change in solution concentration. We
found that the results of these numerical simulations
were essentially coincident with those obtained using
the volume-average particle radius indicating that the
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particle size distribution of HyperD permits the use
of the volume-average radius to perform mass trans-
fer calculations.

4. Discussion and conclusions

We have obtained uptake equilibria and mass
transfer rates in an a batch contactor for representa-
tive proteins with Q-HyperD media. These chro-
matographic stationary phases, comprising composite
porous silica—polyacrylamide gel particles, possess
an extremely large static sorption capacity for pro-
teins. The uptake is reversible, and proteins can be
effectively desorbed by increasing the salt concen-
tration in the aqueous buffer. The uptake equilibria
are represented accurately by the mass action law
model, which allows a prediction of isotherms at
different counterion concentration with only three
parameters. Mass transfer rates in batch experiments
in which the Q-HyperD media were suspended in an
agitated protein solution were found to be strongly
dependent on the solution concentration. At high
protein concentrations, mass transfer rates are domi-
nated by intraparticle diffusional limitations. Con-
versely, at low protein concentrations, mass transfer
rates are limited by the external film mass transfer
resistance. Kinetic parameters for these two mecha-
nisms could thus be determined independently by
carrying out experiments at low and high protein
concentrations. This behavior is consistent with an
intraparticle mass transfer mechanism in which the
sorbed protein concentration provides the driving
force for diffusion. Since the sorption capacity of
Q-HyperD is quite high, the sorption kinetics is very
rapid, even if the gel diffusivities are small in
comparison with free-solution diffusivities. As a
consequence, a nearly complete saturation of the
HyperD media is obtained in as little as 5-10 min
with a protein solution concentration of 2 mg/cm”.

Although the pseudo-homogeneous diffusion
model expressed by Eqs. (4—6) provides an excellent
fit of the data at high protein concentrations and is
capable of predicting the data at intermediate con-
centrations, one might wonder if other models could
provide an equally good or better fit. A key assump-
tion underlying Egs. (4-6), is that intraparticle

transport occurs through the diffusion of *“‘sorbed”
protein molecules which interact electrostatically
with the ion-exchange functionality of the sorbent
particies. The counterpart to this model is one where
only “free”” or ‘“unbound” protein is allowed to
diffuse within the stationary phase. The driving force
for diffusion, in this case, is provided by the free
protein concentration, which, of course, cannot ex-
ceed the external solution concentration. Since the
sorption of proteins by Q-HyperD is extremely
favorable at low salt concentrations, diffusion of
unbound protein would be very well approximated
by the well known “shrinking core model”. In this
model, it is assumed that at each time within a
particle there exists an inner core completely devoid
of protein surrounded by a fully saturated shell. All
of the protein binding takes place irreversibly at the
core—shell boundary, which advances toward the
center of the particle during the course of the
adsorption process. According to this model, the
fractional approach to saturation, F =g/q,, in a batch
system with a finite volume can be derived as shown
by McKay [37]. The following expression is ob-
tained

D C, 1 . 2-a
_;'”QIIEZ—{ZV@ [tan : =
qun a avi

— tan —
avi3
[ (E+ay(t—a+a) ]}
+ In 2 5
(I+a)y(§ —éa+a’)
LY [——§3+a3] (12)
34 " 1+d
where
(i_4\s 12
¢ (1 q()) (122)
_VMqO
A Ve, (12b)
1 —-A\L
a:( A )3 (12(:)

In these equations, D, is the effective diffusivity of
the unbound protein in the stationary phase.
A plot of this equation for conditions similar to
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Fig. 10. Comparison of the predictions of the particle diffusion
model (Eq. (10)) with D, =9.2-10"" cm’/s and the shrinking core
model (Eq. (12)) with Dc=5.5-10’7 em’/s for the transient
uptake of BSA by Q-HyperD-M under conditions of intraparticle
mass transfer control. The same adsorption capacity, g,=200
mg/cm” is used in both models.

those used in our batch uptake experiments with
Q-HyperD-M with a protein concentration of 2 mg/
cm’ of BSA is given in Fig. 10. The graph also gives
the profile calculated from the pseudo-homogeneous
diffusion model (Eq. (9) or Eq. (10)) which provided
an excellent fit of the experimental data with D =
9.2:10° cm’/s. From this figure, it is apparent that
an approximate fit of the same experimental data
could be obtained with the shrinking core model.
However, that model would require an effective
diffusivity D, in the order of 5.5-107 cm®/s.

The effective diffusivity, D,, is related to the free
aqueous solution diffusivity of the protein, D, by the
equation

epD
D, = A (13)

where €, is the particle porosity, 7 the particle
tortuosity factor, and A is a hindrance parameter [9].
Values of 7 for typical porous particles range be-
tween 2 and 6 [38]. The hindrance parameter varies,
of course, with the size of the diffusing solute.
However, even for pores that contain no gel and
which are simply filled with liquid, A, representing
the ratio of the pore and free diffusivities, is always
less than one. Of course, even lower values of the
hindrance parameter could be expected for diffusion

within pores that are filled with polyacrylamide gel,
as in the HyperD media. Park et al. [39], for
example, have studied the diffusion of non-interact-
ing molecules in polyacrylamide gels by holographic
relaxation methods. They found that the diffusivity
of BSA labeled with p-(isothiocyano)azobenzene in
hydrogels with polymer concentrations as low as
0.025 g/cm’ was only about 50% of the free solution
diffusivity. In more concentrated hydrogels, con-
taining up to 0.134 g/cm’ of polymer, the labeled
BSA diffusivity was reduced to only about 2% of the
free diffusivity. If we assume that the entire porosity
of the support particles used to prepare the HyperD
media (~0.65) is available for diffusion, the free
diffusivity that would be consistent with the fitted D,
value would have to be substantially greater than
about 1.7-107° ¢cm’/s. Such a value, however, is
about three times larger than the actual solution
diffusivity of BSA! Even greater values, of course,
would be required if diffusion were assumed to occur
only over a fraction of the support porosity. Thus, it
is apparent that the shrinking core model is com-
pletely unable to describe the transient uptake be-
havior of BSA with a physically realistic value of the
effective diffusivity. Therefore, it cannot be consid-
ered as a mechanistically valid model. On the other
hand, from a phenomenological viewpoint, it is quite
clear that diffusion of electrostatically interacting
protein in the hydrogel that fills the pores of the
HyperD media is the principal mechanism of in-
traparticle mass transfer. This chromatography
medium owes its rapid uptake kinetics to its high
sorption capacity which provides a large driving
force for diffusion. In Part II of this paper we
address mass transfer rates in columns packed with
Q-HyperD media and relate the equilibrium and
mass transfer parameters to chromatographic per-
formance.

5. Symbols

Langmuir isotherm parameter, Eq. (2)
protein concentration in solution
concentration at particle—fluid interface
counterion concentration

initial protein concentration

nnnaw
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particle diameter

free solution diffusivity

effective diffusivity in adsorbent particle

diffusivity in adsorbent particle

fractional approach to saturation

mass action law parameter, Eq. (3)

film mass transfer coefficient

effective charge of protein

protein concentration in adsorbent based on

particle volume

g, adsorbate concentration at particle—fluid inter-
face

g,, Langmuir isotherm parameter, Eq. (2)

g, mass action law parameter, Eq. (3)

gg total ion concentration in adsorbent particle

adsorption capacity based on particle volume

average protein concentration in adsorbent

based on particle volume

radial coordinate in particle

particle radius

Schmidt number (/D)

Sherwood number (=d k. /D)

time

solution volume

adsorbent volume

parameter defined by Eq. (7)

tortuosity factor

particle porosity

power input per unit mass of fluid

kinematic viscosity

diffusional hindrance parameter
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