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The dynamic affinity adsorption of lysozyme through stacked flat-sheet cellulose
membranes with immobilized cibacron blue 3GA was studied and compared to three
affinity-membrane models: diffusion model to explore the importance of axial and
radial diffusion; variation model to study the effects of pore-size distribution or
thickness variation; and stack model to investigate the effects of stacking flat-sheet
membranes. For the diffusion model, when Pe,> 0.1, radial diffusional resistance
is significant, but when Pe,< 25, axial dispersion must be considered. For the var-
iation model, increasing pore-size distribution or nonuniform membrane thickness
greatly broadens the breakthrough curve. The stack model shows that the stacking
of membranes significantly sharpens the breakthrough curves by averaging out the
Sflow dispersion due to pore-size distribution or thickness variation.

introduction

In the biotechnology industry, scaleup from laboratory re-
search to industrial practice has been one of the most difficult
challenges for the engineer. High-purity products are generally
achieved only after complex multistep purification, often ter-
minating with affinity chromatography. Affinity chromatog-
raphy utilizes the specific association of the target protein
(ligate) with the adsorbent (ligand) chemically bound to an
affinity support such as crosslinked dextran, polyacrylamide,
silica gel, porous glass, cellulose, and oxides of various metals
(Ernst-Cabrera et al., 1988).

The throughput of an affinity separation device is governed
by the inherent kinetics of ligand-ligate association and by the
mass-transfer characteristics of the device. Support matrices
with small particle sizes in a conventional packed-bed column
offer relatively high throughputs due to their large surface area
and short ligand-ligate diffusion distance. However, this device
requires relatively high operating pressure. A number of in-
teresting developments has emerged over the past few years to
overcome this drawback. These include continuous extraction
(Pungor, 1987), affinity cross-flow filtration (Huang et al.,
1988), radial-flow (Luong et al., 1987) and magnetically flu-
idized columns (Burns et al., 1985), affinity expanded beds
(Chase and Draeger, 1992), and perfusion chromatography
(Afeyan et al., 1990).
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An affinity device using microporous membranes as the
support matrix with sites on the pore wall for ligand attachment
has even better potential to provide higher efficiency since it
offers high surface area, reduces the diffusion distance, and
requires low operating pressure (Zale et al., 1988; Brandt et
al., 1988). These will result in high-volume throughput, high
efficiency of ligand utilization, and low cost. This approach
can lead to solution of scale-up problems in the purification
of biomolecules. Although new, commercial affinity mem-
branes are being developed for the biotechnology industry,
fundamental studies of affinity-membrane systems have not
kept pace. For these reasons, there is a need to provide fun-
damental information on the characteristic parameters of af-
finity-membrane systems, as well as an understanding of the
operating parameters governing separation performance.

In this study, an affinity-membrane system using cellulose
membranes as the support matrices has been prepared. A ligand
of cibacron blue 3GA was bound to the cellulose membranes,
and the adsorption behavior of lysozyme through the stacked
affinity membranes was investigated. System parameters such
as membrane properties and operation conditions were varied
to evaluate their effects on the performances of the system.
Affinity-membrane models based upon capillary flow were
developed to study the effects of axial/radial diffusional re-
sistances, pore-size/thickness variation and stacking flat-sheet
membranes.
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Experimental Studies
Materials

Chicken egg lysozyme was purchased from Sigma Chemical
Co. Certified-grade sodium chloride, sodium carbonate, so-
dium bicarbonate, hydrochloric acid, sodium azide, and
tristhydroxymethyl)aminomethane were purchased from Fisher
Scientific. Cellulose acetate (E-398-10) was purchased from
Eastman Chemical Products. Regenerated cellulose mem-
branes from Micro Filtration Systems Co. were used as the
support matrices for the affinity system. Membranes having
0.65- and 3-um mean pore diameters and 110-um thickness
were used in this study.

Affinity-membrane preparation

The covalent coupling of cibacron blue 3GA dye to the
membrane matrix results from the formation of an ether link-
age between the triazine ring of the dye and the hydroxyl group
of cellulose. First, the membranes were immersed in a 1%
(w/v) aqueous solution of cibacron blue 3GA at 60°C while
the solution was stirred. Approximately 30 min later, NaCl
(60 g/L of the reaction solution) was added to the solution
and stirring was continued for 1 h at 60°C. After the solution
is heated to 80°C, Na,CO; (20 g/L of the reaction solution)
was added to the reactor and the stirring continued at this
temperature. After 1 h, the solution was allowed to cool to
room temperature and the blue membranes were preserved in
a 0.1% sodium azide solution and stored in the refrigerator
to minimize bacterial attack.

Affinity operation

An HPLC (high-pressure liquid chromatography) pump
(Spectra-Physics, mdl. SP8800) was used to circulate the buffer
and protein solution through the affinity-membrane cell. A
UV/visible detector (Varian) was used to measure absorbance
of the effluent in the UV range at 280 nm. Detector signals
were recorded by an IBM personal computer. Tubings and
tubing connectors were made of stainless steel or Teflon.

Affinity procedures

The adsorption of lysozyme onto blue membranes was eval-
uated at room temperature with 10 or 33 pieces of cellulose
membranes per batch. Tris-HCl buffer (50 mM Tris-HC1/50
mM NacCl, pH 8.0) was used as the adsorption medium. First,
the membranes were equilibrated with the adsorption buffer
by pumping the buffer through the affinity cell at a flow rate
of 0.2to 1.5 mL/min for more than 20 min. The buffer solution
was then replaced by the ligate solution to begin the adsorption
process. The output tubing of the cell was connected to a
continuous-flow UV detector to measure absorbance of the
effluent at 280 nm. The recorded signals served to determine
the breakthrough curve for the system. The HPLC pump was
used to control the transmembrane flow rate which was also
calibrated by measuring the volume of the effluent solution
over 5-min intervals. The adsorption was carried out until the
ligate concentration of the effluent reached approximately 85-
95% of the initial feed concentration.

After adsorption, the feed solution was replaced by the wash-
ing solution buffer. The same buffer that was used in the
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Figure 1. Affinity-membrane model.

adsorption step was employed (without ligate) to wash off the
unabsorbed protein until the absorbance at 280 nm for the
effluent declined to zero. For the cellulose-cibacron blue/ly-
sozyme system, desorption of the lysozyme was obtained by
use of 10-20 mL of 500-mM KCl/50-mM Tris HCI buffer at
pH 8.0.

Diffusion Model
Model description

In the development of a model for the breakthrough curve
of a macroporous affinity membrane, the flow of the ligate
solution through the membrane is taken to be equivalent to
flow through an array of fine capillaries parallel with one
another, as illustrated in Figure 1. The radii of the capillaries
are equal and equivalent to the membrane mean pore radius,
1o, while the capillary density is given by the membrane po-
rosity, e. Furthermore, the following assumptions are made to
simplify the model: (1) the diffusion coefficient (D), viscosity
(1), and density (p) of the ligate solution are constant; (2) the
momentum and mass balance equations are not coupled and,
therefore, may be solved separately (that is, fluid linear velocity
is independent of concentration and varies only with radius);
and (3) mass transport may occur by radial diffusion, axial
diffusion, and axial convection while other transport mech-
anisms, such as radial convection or surface diffusion, are
negligible.

Based upon the assumptions cited above, a mass balance on
the washer-shaped element volume within one capillary yields
the following continuity equation:

aC aC 14 aC 3P*C
V% Prn (a—) D3z

where r is the radial direction, z is the axial (fluid-flow) di-
rection, C(r,z,t) is the concentration of the ligate in the fluid,
and U(r) is the linear velocity of the fluid. In order to solve
this two-dimensional partial differential equation, the model
is further simplified by either neglecting the axial or radial
diffusion. In the case that both axial and radial diffusion can
be neglected, the equation has been solved analytically by
Thomas (1967), as discussed below.

M

Kinetic rate expression
The basis for affinity separations is the formation of a strong
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noncovalent bond between the ligand and ligate. Assuming
that the adsorbent has a fixed number of equivalent ligands
to which ligates bind one to one in a reversible way, the in-
teraction can be described by an equilibrium relationship of
the form (Janson and Ryden, 1989):

kd
Ligand + Ligate <= Ligand-ligate
kg

On this basis, the affinity adsorption on the pore wall (at
r=r,) per unit volume of the liquid phase (g/cm® solution),
R,, can be described by the kinetics of the affinity interaction
as

l—€dqy 1-—¢
Ra= _.__e_ _5;5;=—e— (kngqu_ kdqul)

1-¢
= T [kacs ( qu - qul) - kdquI]

@

where k, is the associative constant, k, is the dissociative con-
stant, C,(z,¢) (function of z and ¢ only) is the concentration
(g/cm’ solution) of the ligate at the interface, g,, is the con-
centration (g/cm’ matrix) of free ligand, g3, is the initial con-
centration of the ligand, g, is the concentration of bound
ligand-ligate, and e is the membrane porosity.

Several investigators (Wankat, 1974; Graves and Wu, 1974;
and Horstmann et al., 1986) have shown that the equilibrium
relationship between the ligand and the ligate can be described
by a Langmuir isotherm. At equilibrium, Eq. 2 reduces to the
Langmuir model:

* ° o
=q0y ——— 3
qul qu Co + Kd ( )
where q;,,, is the concentration of bound ligand-ligate at equi-
librium and K is the apparent dissociation equilibrium-con-
stant given by:

@

It is further assumed that the flow characteristics for a dilute
ligate solution follow Newtonian behavior. For flow of a New-
tonian fluid in a circular tube with radius r,, the velocity dis-
tribution U(r) of a laminar flow can be described as a function
of the average fluid velocity U, and radius  (Bird et al., 1960)

as:
r 2
U(ry=2U, [1— (—) ]
ro

Neglect of axial and radial diffusion

&)

Neglecting both axial and radial diffusion, we have the fol-
lowing partial differential equation in one spatial dimension
(z direction only):

aC aC
= —~=_R
at+U" az “

_1-c 4,
T e ot

(6)
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where R, is the interface adsorption rate per unit volume of
the liquid phase defined by Eq. 2. The initial condition is given
as:

C(z,t)=0 at =0 (6a)
and the boundary condition as:
C(z,t)=C, at z=0. (6b)

The analytical solution to this differential equation with the
above initial and boundary conditions has been obtained by
Thomas (1967). C/C, as a function of ¢ for a wide range of
affinity adsorption procedures can be obtained from inte-
grating the Thomas solution numerically (Chase, 1984; Arnold,
1986; Hiester and Vermeulen, 1952). The breakthrough curves
from the Thomas method were compared to the breakthrough
curves predicted on the basis of other methods used in this
study.

Neglect of axial diffusion

Neglecting the axial diffusional term in Eq. 1 gives:

with the initial condition
Clr,z,n)=0 at r=0 (7a)

and boundary conditions
99 =0 at r=0 (7b)

ar
C=C, at z=0 (7¢)
—D%§A=RHV atr=r, (7d)

where R, is defined by Eq. 2, r, is the mean pore radius, A4 is
the membrane surface area, and ¥V is the pore volume. Here,
V/A would be equal to #r2L/2xr,L=r,/2.

Dimensionless analysis

We can define the following dimensionless variables:

Q

, U
ZZ’U°U,,

Furthermore, we will also define ¢ as the fractional satu-
ration of ligand:

p=Tetoy Tu
Qed 9ga

Substituting ¢ into Eq. 2 yields:
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Substituting the dimensionless variables into Eq. 1 yields the
dimensionless form of the partial differential equation as:

ac’ . foC’ i 1 9 , aC’
F (*a?) “Pe, [7? ( T)] )
with the dimensionless initial condition
c'(r'\,z,0)=0 at =0 (9a)

and dimensionless boundary conditions

ac’ ,
—[5—’7—0 atr' =0 (9b)
C =1 atz' =0 (9¢)
ac’ 1 /
57 ="3PeldDa  atr'=i (9d)

where

characteristic diffusion time r2/D
Pe.= - - =
residence time L/U,

- residence time _ L/U,
" characteristic reaction time 1/[k,C{1 — ¢) — k]

Ld= characteristic ligand capacity in the system _(1-&gga
characteristic ligate quantity in the feed = €C,

Neglect of radial diffusion

Neglecting the radial diffusion, we have the following partial
differential equation in one spatial dimension (z-direction only):

acC ac 3C
=4U, ==~ bt 10
at+U° 3 R,+D Fy (10)
with the initial condition
Cz,0)=0 at t=0 (10a)
and boundary conditions
o az=L (10b)
az
C
U,C-D %:7.= UC, atz=0 (10¢)

Since the axial diffusion is significant, the Danckwerts
boundary condition (Danckwerts, 1953) as shown in Eq. 10c
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was used here at the entrance of the system (z =0). Substituting
dimensionless variables into Eq. 10 yields the dimensionless
form of the partial differential equation:

1
Pe, 97"

ac’ acC’
-_+___.—

%t —Ld Da+

an

with the initial condition

C'(z',0)=0 at =0 (11a)

and boundary conditions

ac’

—=0 atz' =1
az z

(11b)

1 aC’

— % _c'-1 atz'=0 1
Pe, 0z e (o)

where

pe, - Characteristic diffusion time _ LD
: residence time T L/U,

In this model, the affinity-membrane system can be char-
acterized by four dimensionless numbers—Pe,, Pe,, Ld, and
Da—which are defined by the system properties (diffusion
coefficient of the ligate D and initial concentration of the ligand
q;1); membrane properties (porosity e, thickness L, and mean
pore radius r,), affinity kinetics (associative constant &, and
dissociative constant k,), and the operational parameters (feed
mass-flow rate Q and feed ligate concentration C,). Pe, is a
measure of the radial diffusional resistance of the system at a
certain operation condition while Pe, represents the axial dis-
persion resistance of the system. Da is related to the efficiency
of the adsorption interaction and Ld is a measure of the system
capacity with respect to the feed ligand concentration.

Implicit finite difference methods (Carnahan et al., 1969)
were used to solve the partial differential equations, Eqs. 9
and 11, with the initial and boundary conditions. The programs
(Liu, 1993) were written in FORTRAN and run on an IBM
386 personal computer.

Analysis of breakthrough behavior

Most affinity separations are operated in the frontal analysis
mode. This includes continuous flow of the ligate solution into
the inlet until a breakthrough occurs as indicated by detection
of the ligate at the system outlet. The plot of effluent con-
centration of the ligate vs. time or throughput volume is called
the breakthrough curve. Dimensionless breakthrough curves
where dimensionless effluent concentration are plotted vs. di-
mensionless effluent volume were used in the model analysis.
The dimensionless effluent concentration is the ratio of effluent
ligate concentration over feed ligate concentration. The di-
mensionless effluent volume is the ratio of the amount of ligate
introduced to the system over the total system capacity at
equilibrium. System parameters and operating parameters were
varied one at a time in order to study the effect of each property
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Figure 2. Effectofradial dispersion on the breakthrough
curves from the diffusion model.

on the breakthrough behavior of the affinity-membrane proc-
esses.

Figure 2 shows the effect of the Peclet number in the r
direction, Pe,, on the breakthrough curves predicted from the
diffusion model (with negligible axial diffusion). Pe, is a meas-
ure of the radial diffusional resistance of the system at a certain
operating condition. At large Pe, (for example, Pe,=1), the
radial diffusional resistance is high so that there is a broad
concentration profile along the r direction. The concentration
of ligate near the membrane surface would be significantly
lower which reduces the adsorption rate of the ligate and results
in a broad breakthrough curve. When Pe,>0.1, the radial
diffusional resistance is significant while when Pe, < (0.04, the
predicted breakthrough curve coincides with the one obtained
from the Thomas solution, that is, the radial diffusional re-
sistance is negligible.

Figure 3 shows the effect of the Peclet number in the z
direction, Pe, on the breakthrough curves predicted from the
diffusion model (with negligible radial diffusional resistance).
Pe, represents the axial diffusional resistance of the system at
a certain operating condition. At low Pe,, the axial diffusional
flux is very high so that concentration of ligate is dispersed
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Figure 3. Etfect of axial dispersion on the breakthrough
curves from the ditfusion model.
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along the axial direction and this would result in a very broad
breakthrough curve. At Pe, <25, the axia! dispersion is sig-
nificant while at Pe, > 250, the predicted breakthrough curve
is essentially the same as the one calculated from the Thomas
solution, that is, the axial dispersion effect can be neglected.
The preceding model was developed for a flat-sheet affinity-
membrane system. However, it can also apply to other pres-
sure-driven affinity-membrane systems such as hollow fibers.
The hollow-fiber configuration may be preferred to a flat-
sheet one since it can provide a large surface area in a small
module. For example, during the adsorption stage of an af-
finity operation using hollow fiber membranes as the affinity
support, the ligate solution is circulated through the bore side
of the fiber. Differential pressure of 30-100 psi (207-689 kPa)
is applied across the membrane to push the ligate solution
through the porous channels of the membranes to the shell
side of the fiber modules. Hollow-fiber systems are particularly
useful for treating dilute ligate solution. In the model, mem-
brane pore structure is represented by a bundle of capillaries.
The pore diameter of each individual capillary is assumed to
remain constant along its path in the membrane. Therefore,
the model is not applicable to the system using highly asym-
metric membranes with truncated cone shape pores. The cone
shape pores are not favorable in the affinity system since some
portion of the membrane would have high diffusional resist-
ance (with large pore) and the other would have low diffusional
resistance. This nonuniform adsorption efficiency would re-
duce the overall ligand utilization. Unless the membrane is
intended for both concentration (ultrafiltration) and purifi-
cation (affinity separation) purposes, an asymmetric mem-
brane is not recommended. Membranes prepared from the
phase inversion process usually have wide pore-size distribution
and vary in thickness. Flow of fluid through microporous
membranes in the {aminar flow can be related to the pressure
across the membrane, solution viscosity, membrane thickness
and membrane pore size by the Hagen-Poiseuille equation
(Bird et al., 1960). The volumetric flow rate of the solution
through each pore is proportional to the fourth power of the
pore radius, r,, and inversely proportional to the membrane
thickness. To calculate membrane breakthrough curves as a
function of pore-size distribution and thickness variation, the
solution of the model can be achieved by solving each set of
differential equations with various Pe,, Pe,, Ld and Da num-
bers based on the pore sizes and thickness. The total flow of
the ligate solution through all the pores can then be obtained
by integrating the flow through individual pores. This involves
extensive programming and is planned for future studies.

Experimental Results and System Analysis

In order to provide reproducible breakthrough curves and
offer the best opportunity to compare the model predictions
with experiment, several module designs were evaluated. In
our initial attempt to pack the membrane evenly, a donut-
shape spacer (cellulose acetate membrane) was placed between
two affinity membranes for sealing. The membranes and
spacers were sandwiched between two stainless steel porous
supports and two distributors. After loading the cell, the sand-
wich was pressed so that all the membranes have the same
original thickness around the entire membrane area to prevent
uneven flow of liquid through the membranes. The affinity
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Figure 4. Breakthrough curves of lysozyme through biue
membranes with old packing.

cells were made of two pieces of stainless steel holders. Mem-
branes with 25.4 mm in diameter were used. Figure 4 shows
the breakthrough curve of lysozyme through 33 pieces of blue
membranes having 0.65-um mean pore diameter. Relatively
broad breakthrough curves were observed for an affinity-mem-
brane system with this packing method. The breakthrough
curves were not dependent on the feed flow rate. From the
model analysis, the broad breakthrough curve could be due to
several factors including radial diffusion resistance, axial dis-
persion, kinetic resistance, and nonideality in column packing.
In first three cases, the breakthrough curve would be strongly
dependent on the feed flow rate. As the breakthrough curves
are nearly independent of flow rates, as shown in Figure 4, it
is reasonable to conclude that the packing of the membranes
was not an ideal one so that flow of ligate solution through
the affinity cell was not uniformly distributed. These may be
attributed to the leakage along the side of the membranes,
uneven overall thickness of the stacked membranes, and var-
iation of spacer sizes.

To improve the packing, instead of using spacers between
membranes to effect the sealing, cellulose acetate solution (10%
cellulose acetate in acetone) was used as the sealant. Stacked
membranes were sandwiched between two porous supports,
two distributors and two acrylic holders. The polymer solution
was poured to the side of the sandwich for sealing. After
drying, the sealant, cellulose acetate must have shrunk as the
total sandwich thickness decreased about 5%. This shrinkage
may contribute to the good sealing. As shown in Figure 5, very
sharp breakthrough curves were observed for the affinity-
membrane system prepared in this way. The same batch of
membranes was used as in the previous run with the old packing
method. In this case, the breakthrough curves were also not
dependent on-the feed flow rate. Figure 6 shows breakthrough
curves for two different feed concentrations at a fixed flow
rate. The same sharp breakthrough curves were obtained and
the breakthrough curves were independent of the feed con-
centration. This demonstrates that the affinity adsorption of
the system was not governed by the kinetic rate or diffusion
resistance. The result shows that convective flow of ligate
through membrane pore structure reduces the diffusion re-
sistance drastically. This is a significant advantage over con-
ventional porous beads for which there is no convective flow
through the pores. The deviation of the breakthrough curves
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Figure 5. Breakthrough curves of lysozyme through blue
membranes with new packing.

near the tear end may be due to the following reasons. The
membranes prepared from the phase inversion process may
have some dead volume which cannot be reached by convective
flow. When membranes are stacked, more dead volume may
also be created if the membranes have very rough surfaces.
The adsorption of the ligand in the dead volume would be
limited by the slow diffusion of the ligate through the dead
space. Nonspecific adsorption may also contribute to the slow
adsorption rate.

Figure 7 shows the breakthrough curves for stacked mem-
branes with 3-um mean pore diameters compared to the 0.65-
um mean pore diameters used in the previous studies (that is,
Figures 5 and 6). Broader breakthrough curves were observed
and the breakthrough curves were also not dependent on the
feed flow rate. The dynamic capacity of the system remained
relatively constant (decreased from 9.2 to 9.0 mg/cm’) as the
feed flow rate was increased from 0.2 to 1.5 mL/min. This
means that an increase in the throughput volume of the op-
eration would not be at expense of the system capacity or
ligand utilization. The reason why the breakthrough curves
from 3-um membranes were broader than breakthrough curves
from 0.65-um membranes could be attributed to the pore-size
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Figure 6. Effect of feed concentration on the break-
through curves.
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distribution. It is suspected that 3-um membranes have wider
pore-size distribution.

Variation Model

Calculation of breakthrough curves with pore-size
distribution

Most polymeric microporous membranes are produced by
the method of the phase-inversion process. Membranes pro-
duced from this process generally have wide pore-size distri-
bution and some thickness variation. Fluid flow through a
microporous membrane in the laminar region can be expressed
by the Hagen-Poiseuille equation (Bird et al., 1960):

_ wAPY,
T 8ulL

Q. 12

where Q, is the volumetric flow rate, r, is the pore radius, AP
is the pressure difference across the membrane, u is the solution
viscosity and L is the membrane thickness.

The volumetric flow rate of the solution through each pore
is proportional to r%. It is assumed that pressure difference
across the membrane and solution viscosity are constant and
that the membranes have uniform porosity and ligand density.
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Figure 8. Effect of pore-size distribution on the break-
through curves.
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Radial/axial diffusion and kinetics of the affinity interaction
are neglected. For one affinity-membrane system with known
pore-size distribution, the breakthrough curves of the system
can be calculated. Membranes with pore size of normal dis-
tribution are used as examples to demonstrate the effect of
pore-size distribution on the affinity system. For membranes
of mean pore radius , and pore variation expressed in terms
of the standard deviation, ¢, from the mean value the fraction
of membrane pores with pore radius of r can be calculated by
the following relation (Miller and Freund, 1985):

exp(—72/2) 7l

where z=

7(r) = \/2170 (13)

From the Hagen-Poiseuille equation where the flow rate is
proportional to 7*, the residence time of fluid through a mem-
brane with a pore radius r would be inversely proportional to
r’. Also, the capacity of the membranes is proportional to the
surface area of the membrane pore (=2#rL) which is pro-
portional to the membrane pore radius r. Therefore, from the
residence time and the membrane capacity, the time required
for pores with radius r to reach saturation can be calculated.
The breakthrough curves for affinity membranes with known
pore-size distribution can then be constructed by integrating
the breakthrough for every pore (Liu, 1993). As shown in
Figure 8, the breakthrough curves broaden significantly as the
pore-size distribution increases. Even at standard deviation of
0.03, the effect of pore-size distribution cannot be neglected.
With 0.03 standard deviation, 99% of the membrane pores
are within 10% of the membrane mean pore size (Miller and
Freund, 1985). This is a very narrow pore-size distribution for
phase inversion membranes. This model is applicable to both
the flat-sheet affinity-system (with single piece of membranes),
as well as the hollow-fiber system.

Calculation of breakthrough curves with thickness
variation

A similar program was written based on the Hagen-Poiseuille
equation where the flow rate is inversely proportional to the
membrane thickness. Furthermore, the capacity of the mem-
branes is proportional to the membrane thickness. Therefore,
the time required for pores with thickness L to reach saturation
is proportional to L. From this relation, the breakthrough
curves for affinity membranes with known thickness variation
can be calculated (Liu, 1993). Figure 9 shows the effect of
increasing standard deviation of the mean thickness on the
breath of the breakthrough curve. The breadth of the break-
through curve increases with increasing standard deviation but
to a slightly smaller extent than predicted for pore-size distri-
bution. The effect of the thickness variation is quite significant.
Since commercial microporous membranes are typically quite
uniform in thickness, it is expected that the pore-size distri-
bution would be the controlling morphological factor influ-
encing the breadth of the breakthrough curve.

Stack Model

Calculation of breakthrough curves with stacked
membranes

An affinity system using stacked membranes in this study
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Figure 9. Effect of thickness variation on the break-
through curves.

has a considerably sharper breakthrough curve than one using
hollow fibers, as shown by data from Kim et al. (1991) and
from Iwata et al. (1991). This behavior can be explained on
the basis of the following analysis. For hollow fiber mem-
branes, the broad breakthrough curves can be atiributed to
the following four factors: pore-size distribution; variation in
the fiber wall thickness (eccentricity on hollow fibers); a de-
crease in radial velocity due to a decrease in axial pressure
drop along the fiber lumen; and dispersion due to the entrance
and exit effects from large system volume in the lumen and
shell sides of the fibers. The dispersion due to the entrance
and exit effects for flat-sheet membranes can be minimized by
stacking membranes to increase the total system volume so
that the entrance and exit effects are relatively negligible. Fur-
thermore, the pore-size distribution and thickness variation of
the membranes are effectively averaged out by stacking of
about 30 pieces of membranes. The effect is very significant
so that the flow distribution through the membrane system is
highly uniform. To calculate the breakthrough curves of one
affinity system with stacked membranes, it is assumed that
membranes have uniform porosity, uniform ligand density and
pore sizes of normal distribution. Radial/axial diffusion and
kinetics of the affinity interaction are neglected and the Hagen-
Poiseuille equation is applicable. It is assumed that all the
membrane pores are stacked orderly without channeling and
that each pore would connect one after the other. If, for ex-
ample, each piece of membranes has # pores, then m pieces
of membrane would provide a total of m x n pores. These pores
are arranged randomly to produce n separate flow paths. A
FORTRAN program was written to calculate the breakthrough
curves of affinity-membrane systems with known pore-size
distribution and a specified number of stacked membranes
(Liu, 1993). First, from Eq. 13, pore sizes are assigned to each
pore (from the first pore i=1 to the last pore i=n for each
membrane) in every membrane (from j=1 to j=m). Using
random number generator from the FORTRAN utility func-
tion, one set of m random integer numbers ranging from 1 to
n is generated and these numbers are assigned one by one to
the first aligned stacked pores (m stacked pores) in the first
flow path, followed by successive sets of m random numbers
(excluding the numbers being picked before) to define pore
sizes for the next 2 to n flow paths. The residence time of each
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Figure 10. Effect of stacking membranes on the break-
through curves (theoretical).

flow path can be calculated using the relation from the Hagen-
Poiseuille equation. The flow rate through one flow path com-
paring to the flow rate through other flow paths is proportional
to the summation of (1/r}) from pore 1 (i=1) to pore n (i=n)
in that particular flow path. Since the capacity is proportional
to the surface area (277L) and L is constant, the total capacity
of each flow path is proportional to the summation of r; from
pore 1 to pore n in that particular flow path. From the flow
rate and the capacity of each path, the time required for each
path to reach saturation can be calculated. The breakthrough
curves can then be constructed by summarizing breakthrough
information for these n flow paths. Setting the number of
pores to 1,000 is sufficient to produce smooth breakthrough
curves. Figure 10 shows the effect of stacking membranes on
the breakthrough curves. As more membranes are stacked, the
breakthrough curves become much sharper. This averaging
effect is very dramatic when only a few membranes are stacked.
As more membranes are stacked (more than 40 pieces), adding
more membranes would not increase the sharpness of the
breakthrough curves significantly. As shown by the experi-
mental data in Figure 11, the breakthrough curve obtained by
stacking 33 membranes with 3-um pore size is much sharper
than the one obtained by using only 10 membranes.
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Figure 11. Effect of stacking membranes on the break-
through curves (experimental).
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Conclusions

In the diffusion/kinetics model, the affinity system was char-
acterized by three dimensionless numbers: Peclet number (Pe,
or Pe)), Ligand number (Ld) and Damkohler number (Da).
These are defined by the system properties (that is, the diffusion
coefficient of the ligate and the initial concentration of the
ligand); membrane properties (that is, membrane porosity,
thickness and mean pore radius), affinity kinetics (associative
and dissociative rate constant) and operational parameters (that
is, feed mass flow rate and feed ligate concentration). Pe, is
a measure of the radial diffusional resistance of the system at
a certain operation condition while Pe, represents the axial
diffusion resistance of the system. From the model analysis,
it can be concluded that when Pe,>0.1, the radial diffusional
resistance is significant and that when Pe,< 25, the axial dis-
persion cannot be neglected. In order to completely prevent
axial dispersion or eliminate radial diffusion resistance, it is
necessary to operate the affinity-membrane system at a con-
dition of Pe,>250 or Pe,<0.04, respectively.

From the variation analysis, the effects of pore-size distri-
bution and thickness variation for a hollow-fiber system or
flat-sheet membrane system (single piece membrane) are very
significant. These effects can be reduced by stacking mem-
branes to average out the dispersion. Therefore, an affinity
system using stacked membranes would have a considerably
sharper breakthrough curve than the affinity system with hol-
low fibers. From the experimental results (the breakthrough
curves are not dependent on the residence time or flow rate
over 0.2-3.0 mL/min) and the model analysis (Pe,<0.04,
Pe,>250), the radial diffusional resistance and axial dispersion
for stacked membranes (33 pieces or 10 pieces) with pore sizes
of 0.65 and 3 um can be neglected. From the experimental
results, it can be concluded that the adsorption kinetics between
lysozyme and cellulose/blue membranes is not the limiting
resistance under current operating conditions. From the stack
model, the effect of stacking membranes on the breakthrough
curves is very significant. As more membranes are stacked,
the breakthrough curves become much sharper. This is in
agreement with the experimental results that the breakthrough
curve from 33 pieces of stacked membranes with 3-um pore
size is much sharper than the one using 10 stacked pieces of
the same membranes.

Notation

A = membrane surface area, cm®

C = concentration of the ligate in the fluid, g/cm’
C, = ligate concentration in the feed, g/cm?
C’ = dimensionless concentration
C, = ligate concentration at the interface, g/cm’
g,s = concentration of free ligand, g/(cm® matrix)
2 = initial concentration of ligand on the pore wall, g/(cm® matrix)
G = concentration of bound ligand-ligate, g/(cm® matrix)
G = concentration of bound ligand-ligate at equilibrium, g/(cm?
matrix)
D = diffusion coefficient of the ligate, cm?/s
Dg = Damkohler number as defined by Eq. 9, dimensionless
k, = associative constant, cm®/(gs)
k; = dissociative constant, L/s
K, = apparent dissociation equilibrium constant, g/cm’
L = membrane thickness, cm
Ld = Ligand number, (1 - ¢) g5,/(¢C,), dimensionless
AP = pressure drop across the membrane, dyne/cm?
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Pe, = Peclet number in the r direction, (2/D)/(L/U,), dimensionless
Pe, = Peclet number in the z direction, (L*/D)/(L/U,), dimensionless
Q = mass flow rate of the feed, g/s
0, = volumetric flow rate of the feed, cm®/s
r = radial direction, cm
r, = membrane mean pore radius, cm
r’ = dimensionless r direction
R, = interface adsorption rate, g/(s-cm’ solution) by Eq. 2
Re = Reynolds number (=2r,U,p/u), dimensionless
t' = mean residence time of the fluid, s
U = linear velocity of the fluid, cm/s
U, = average linear velocity of the fluid, cm/s
U’ = dimensionless linear velocity of the fluid
V = pore volume, cm?
z = axial (fluid-flow) direction, cm
2z’ = dimensionless z direction

Greek letters

membrane porosity, dimensionless
dimensionless time

fluid viscosity, dyne-s/cm?

fluid density, g/cm’

fractional saturation of ligand, dimensionless
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