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Abstract

The adsorption behaviour of two kinds of proteins, myoglobin and ovalbumin, with a membrane adsorber,
DEAE MemSep 1000 (Millipore), was studied in comparison with a bead-based packed-bed adsorber, DEAE
Sephacel (Pharmacia—-LKB), by means of frontal analysis. Adsorption isotherms were obtained by integrating the
breakthrough curves for various feed concentrations. Adsorption isotherms were expressed by the Langmuir
equation and the adsorption capacity for the membrane adsorber was smaller than that for the packed-bed
adsorber. The breakthrough curves of myoglobin for the membrane adsorber were independent of the flow-rate,
but those of ovalbumin were affected by the flow-rate. Abnormal behaviour was observed for the adsorption of
ovalbumin on a membrane adsorber. With the packed-bed adsorber, the breakthrough curves for both proteins
were significantly affected by the flow-rate. A mathematical model for the membrane adsorber involving axial
dispersion and adsorption kinetics was derived. The model simulated the breakthrough curves for myoglobin well.
Axial dispersion was dominant for the membrane adsorber whereas intraparticle diffusion was dominant for the
packed-bed adsorber.

1. Introduction

Downstream processes such as extraction,
concentration, separation and purification are
key techniques for the production of biological
macromolecules such as enzymes, proteins and
antibodies. Especially separation and purification
play an important role in downstream treatment
processing for biochemistry and biotechnology
[1]. Considerable efforts have been devoted to
the optimization of conventional methods and
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the development of new methods based on new
principles in order to increase the productivity of
separation and purification processes.

Liquid column chromatography is one of the
most popular techniques for protein separation
and purification and has been widely used in
various fields of biotechnology from HPLC anal-
ysis to industrial-scale processes, because it is
possible to purify proteins without losing their
biological activity and to operate with simple
equipment under mild conditions. Conventional
bead-based packed-bed operation in column
chromatography is carried out by pumping the
feed solution to the packed bed containing
porous particles. Packed-bed operation is not
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necessarily the most suitable method for dealing
with a large amount of dilute protein solution.
Efficient adsorption can be realized when the
breakthrough curve is steep with a high flow-rate
resulting from a large overall adsorption rate
which includes adsorbate—adsorbent association
kinetics and mass transfer. The overall adsorp-
tion rate of protein is generally slow because of
the large mass transfer resistance. With large
porous particles, diffusion pathways for the pro-
teins are relatively long and therefore low flow-
rates are required to suppress kinetic effects.
This causes long cycle times and inefficient
operation in terms of operation time. On the
other hand, efficient utilization of the adsorber
can be attained when smaller particles of ad-
sorbent are used because the dynamic adsorption
capacity increases owing to the steep break-
through. However, smaller particles make it
difficult to operate at higher flow-rates owing to
the high pressure drop [2], resulting in lower
productivity. Therefore, an alternative technique
to the packed-bed operation has been developed
for preparative operation.

A membrane adsorber has been used to
bypass these fundamental limitations of the
packed-bed adsorber [2-5]. The ligands are
immobilized on the surface of the membrane
pores. The pores are designed to be large
enough to permit convective flow. The overall
adsorption rate may be large and steep break-
through is expected because it is not affected by
diffusion due to the convection through the
pores of the membrane. Thus, mass transfer and
pressure drop limitations could be minimized.
Therefore, it is possible to operate at lower
pressure drops, higher flow-rates and short cycle
times. The membrane adsorber may allow the
rapid processing of large volumes of feed stream
and may be suitable for the separation and
purification of large amounts of dilute protein
solutions. .

Membrane modules reported in the literature
are classified into two types, stacked flat-sheet
membranes or hollow fibre membranes. Brandt
et al. [2] prepared an affinity membrane in a
stacked membrane module. They demonstrated

the efficient isolation of fibrinogen an immuno-
globulin G with gelatin- and protein A-contain-
ing membranes. Liu and Fried [6] measured
breakthrough curves of lysozyme through a
stacked affinity membrane of cellulose—Cibacron
Blue. Kim et al. [7] prepared a hollow fibre
affinity membrane. The adsorption and elution
behaviour of bovine y-globulin with an affinity
membrane containing hydrophobic amino acids
as ligands was studied. These experimental
studies revealed that the breakthrough curves
were not influenced by the flow-rate. Hence
diffusion resistance of a solute can be eliminated
by convective flow through pores in the mem-
brane.

Models of membrane adsorbers have been
studied with regard to breakthrough analysis.
A mathematical model including axial diffus-
ion and adsorption kinetics was developed
by Suen and Etzel [3], and was subse-
quently extended to multi-component systems
[4]. Liu and Fried [6] developed a model in-
cluding radial diffusion in addition to axial diffu-
sion.

The membrane adsorber might suffer from
heterogeneity of the membrane, that is, variation
of the pore-size distribution, membrane thick-
ness distribution, porosity distribution, etc.,
because of the short pathway in the flow direc-
tion. Suen and Etzel {3}, Liu and Fried [6] and
Goto and Hirose [8] have pointed out that the
effect of heterogeneity is significant for a mem-
brane adsorber.

The objective of this study was to investigate
the adsorption behaviour of proteins with a
membrane adsorber in comparison with a
packed-bed adsorber. Two kinds of proteins,
myoglobin and ovalbumin, were used as adsor-
bates. Breakthrough curves for each adsorber
were measured and adsorption isotherms were
obtained by integrating the breakthrough curves.
The breakthrough curves and adsorption iso-
therms for the membrane adsorber were com-
pared with those for the packed-bed adsorber.
Mathematical models for each adsorber were
derived and compared with the experimental
results.
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2. Model equations for breakthrough curve
calculation

The breakthrough curves for a packed-bed
adsorber may be described by the following
model, containing rate processes of intraparticle
and external film mass transfer resistance, axial
dispersion and local adsorption kinetics. Some of
these rate processes may cause broadening of the
breakthrough curve.

The mass balance over a section of adsorber is
expressed as

dc dc
€ E-{- &V E
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where ¢ and c; are the concentration in inter-
particle void space and in the pore of particle,
respectively, and D and k,; denote axial disper-
sion coefficient and external film mass transfer
coefficient, respectively. A mass balance within a

particle is given by
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where D, and ¢ are intraparticle effective dif-
fusivity and the amount adsorbed, respectively.
The association rate between adsorbate and
adsorbent may be expressed by second order in
the forward direction and first order in the

revere direction {9]:
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where k,, k; and q,, are adsorption and desorp-
tion rate constants and maximum adsorption
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where ¢, is the feed concentration of protein for
step input.
Using the linear driving foroe (LDF) approxi-
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where Bi=k.ry/D, and a,=3/r,. The overall

mass transfer coefficient, &, is given by k,=
k./(1+ Bi/5), where uurapartiae diffusipn i‘xd
external mass. transfer effects are combined. ¢;
and g are average values of ¢, and g, respective-
ly.

Egs. 9-14 were solved numerically using the
finite-difference method for the simulation of

breakthrough curves for a packed-bed adsorber.
2.2. Model for a membrane adsorber

In a membrane adsorber, intraparticle and
external mass transfer resistance may be negli-
gible because of convection through the pores of
the membrane. Therefore, the model for the

memorane ausoroer lS ClCl'lVC(.l Dy CXLIUQlIlg lllC
terms of these mass transfer resistance from the
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above model for the packed-bed adsorber. The
resulting rate processes contain only axial disper-
sion and adsorption kinetics. The model equa-
tions derived are identical with the model of
Suen and Etzel [3].
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Liu and Fried [6] developed a model involving
both radial dispersion and axial dispersion. As
radial dispersion is less important than axial
dispersion, it is neglected here. Eqgs. 15 and 16,
with initial and boundary conditions, Egs. 6-8,
were solved numerically by using the finite-dif-
ference method based on Crank—Nicholson’s
differencing scheme for the simulation of break-
through curve for a membrane adsorber.

2.3. Calculation of breakthrough curve

The equations for the packed-bed and the
membrane adsorbers were solved on a PC to
simulate the adsorption processes.

The values of the maximum adsorption capaci-
ty g. and equilibrium constant K, (=k,/k,)
were determined from the experimental adsorp-
tion isotherms. Kinetic parameters involved in
the model equations, overall mass transfer coeffi-
cient k,, axial Peclet number Pe (=vL/D) and
adsorption rate constant k,, were evaluated by
fitting with the experimental . breakthrough
curves in the following procedure.

For the packed-bed adsorber, it was assumed
as an initial guess that the value of Pe was 80,
which corresponds to a particle Peclet number
vd,/D = 0.5 [11], and the value of k, was infinite
(or sufficiently large). Then k, was determined
by fitting the experimental data for the highest
flow-rate, because broadening of the curve may
be controlled by intraparticle diffusion for higher
flow-rates. Theoretical curves for other flow-
rates were calculated using the same parameters.
If the calculated curve with those parameters did
not agree with the experimental data for lower
flow-rates, the calculations were repeated with

modified parameters of Pe or k, until they
agreed with the experimental data.

In the case of the membrane adsorber, it was
assumed as an initial guess that k, was infinite
(or sufficiently large) and axial dispersion caused
the broadening of the breakthrough curve. The
value of Pe was determined in the same way as
for the packed-bed adsorber. If the calculated
curve did not agree with the experimental curve
for the entire flow-rate range, the value of k,
was decreased.

3. Experimental

Adsorption breakthrough curves were mea-
sured at 277 K for two kinds of anion exchanger:
(a) an adsorber consisting of a stack of mem-
brane, DEAE MemSep 1000 (Millipore), and
(b) an adsorber packed with spherical beads,
DEAE Sephacel (Pharmacia—-LKB). The phys-
ical properties of the adsorbers are summarized
in Table 1. Both adsorbers had the same volume.
The membrane adsorber consisted of a multi-
layer microporous membrane assembled within
the housing as shown in Fig. 1.

Myoglobin (horse heart; Sigma) and oval-
bumin (Sigma) were used as adsorbates. The
molecular mass and isoelectric point for myoglo-
bin are 17800 and 7.3, respectively, and those
for ovalbumin are 46 000 and 4.6, respectively.

The breakthrough curves for these adsorbers
were measured using the following procedure.
First, the adsorber was equilibrated with 0.02 M
Tris buffer solution. The pH of the buffer
solution was adjusted with HCI to 9.3 and 8.0 for
myoglobin and ovalbumin, respectively. The
protein dissolved in the buffer solution was
pumped to the adsorber until the available
capacity of the adsorber was exhausted and the
adsorbate concentration in the effluent of the
adsorber approached the feed concentration.
The effluent concentration was continuously
monitored with a UV-Vis spectrophotometer at
533 and 280 nm for myoglobin and ovalbumin,
respectively. The adsorbed protein was eluted
with an eluent consisting of the buffer solution
containing 1 M NaCl. The adsorber was finally
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Table 1
Properties of adsorbers

Parameter DEAE MemSep 1000 DEAE Sephacel
membrane adsorber packed-bed
adsorber
Matrix Cellulose Cellulose
Pore size (m) 1.2-107° -
Porosity 0.8 -
Average particle diameter (m) - 1.0-107*
Column diameter (m) 1.8-1077 1.04-1077
Column height (m) 5.0-107° 16-107°
Bed volume (m*) 1.4-107° 1.4-107°
equilibrated with the buffer solution for the next 16 T T T T )
measurement. A 4 ‘
q= 15.4c/(c+0.08)
12
=) a A
4. Results and discussion 3 A/ A
' € 8 [ .
Fig. 2 shows adsorption isotherms of myoglo- 2 f
bin and ovalbumin for the membrane adsorber, o
DEAE MemSep 1000, and Fig. 3 those for the 4 920.9c/(c+2.02) )
packed-bed adsorber, DEAE Sephacel. The
adsorption isotherms were obtained by integra- 0 1 1 L 1
ting breakthrough curves measured at various 0 0.2 0.4 0.6 0.8 1

feed concentrations at a flow-rate of 1.67-107°
m®/s. The total adsorption capacity is generally
independent of the flow-rate. As will be dis-
cussed later, the adsorption capacity for oval-
bumin on the membrane adsorber depended on
the flow-rate.

Each adsorption isotherm was expressed by a

2.5+102%m

\
axial flow — 3
direction — — 5.0107m
—~]__ Y
gasket
H membrane

1.8:102m

Fig. 1. Schematic diagram of a stack of membranes (DEAE
MemSep 1000).

c fkg/m®)

Fig. 2. Adsorption isotherms of (O) myoglobin and (A)
ovalbumin for the DEAE MemSep 1000 membrane ad-
sorber.

80 T 1 1 T
.
q=73.8c/(c+0.005)
m -
3
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]
40 3
5 >
= q=38.1c/(c+0.11)
20 - -
0 ! 1 1
0 0.2 0.4 0.6 0.8 1

¢ kg/m’]
Fig. 3. Adsorption isotherms of (O) myoglobin and (A)
ovalbumin for the DEAE Sephacel packed-bed adsorber.
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Langmuir equation. The Langmuir constants, g,
and K,, were determined by the least-squares
method. The Langmuir equation is also shown in
Figs. 2 and 3. Being compared on a mass basis of
the adsorbate per unit volume of the adsorber,
the amount adsorbed for the membrane adsorber
was smaller than that for the packed-bed ad-
sorber. The amount of myoglobin adsorbed was
smaller than that of ovalbumin.

The effects of flow-rate on the breakthrough
curve of myoglobin and ovalbumin for the mem-
brane adsorber are shown in Fig. 4a and b,
respectively. The theoretical breakthrough

1 T T A LARNOER

o8} @

co = 1.0kg/m?

06 L z2=5.0-103m
= Vi=1.4-10%m3 ]
go Pef 65

04 a = ®© ~

Of —— 0 2.0-10°m3%s
0.2 —-~ A 1.67-10%m% |
<-=-- 0 1.5-107m¥s
Y. . 1 L
0 3 6 9 12 15
VIVt
1
0.8 co= 1.0kg/m3
2=5.0-107m
— 06 | Vi=14.10%m3 ~
= Pe = 65
g 04 ka= 0.06m3kg *s
: Q —— 020:10°m% |
Q,:
A —=-- A 1.67°10%m?
02 QA , s
v sreee O 1.424107mds
W B
0 10 20 30 40 50
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o

Fig. 4. Effect of flow-rate on the experimental and theoret-
ical breakthrough curves of (a) myoglobin and (b) ovalbumin
for the DEAE MemSep 1000 membrane adsorber.

curves calculated by the model are also shown.
The ordinate and abscissa are the ratio of ef-
fluent concentration to feed concentration and
the ratio of effluent volume to bed volume,
respectively. The adsorption breakthrough
curves of myoglobin were steeper than those of
ovalbumin. They were independent of flow-rate
because of convection through the pores of the
membrane, resulting in negligible diffusion re-
sistance. The mathematical model for myoglobin
nearly agreed with the experimental data when
the value of Pe was 65 with an infinite value of
k,. On the other hand, the breakthrough curves
of ovalbumin depended on flow-rate, especially
for the highest flow-rate. The theoretical curves
did not agree with the experimental data with
any parameters. The dependence of the adsorp-
tion capacity on the flow-rate could not be
represented by the model.

Fig. 5 shows the effect of flow-rate on the
adsorbed amount calculated by integration of the
curves after complete breakthrough. The data
are plotted as amount adsorbed per unit bed
volume against volumetric flow-rate. A larger
amount of ovalbumin was adsorbed as the flow-
rate increased. This abnormal behaviour cannot
be explained by conventional adsorption theory.
Kim et al. [7] stated the possibility of a flow-rate
effect on adsorption for a membrane adsorber.
The deformation of protein by shear stress might

20 T T

A

16 -
g 0 A co= 1.0kg/m3
%
® sl i
E_' [o c ol 0

4 -

0 i 1

10°® 10°® 107 10°¢

Q m%s]
Fig. 5. Effect of flow-rate on the amounts adsorbed of (O)
myoglobin and (A) ovalbumin for the DEAE MemSep 1000
membrane adsorber.
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affect the adsorption. An effect of flow-rate on
adsorption capacity was not observed for bovine
vy-globulin on a phenylalanine- or tryptophan-
containing membrane system under their ex-
perimental conditions. Skidmore et al. [12] ob-
served that bovine serum albumin (BSA) had a
higher adsorption capacity for a packed bed than
expected from the adsorption isotherm obtained
in stirred-tank experiments. This behaviour was
not observed for lysozyme. They explained that
this was due to multi-layer binding of BSA
resulting from the formation of dimers. The
dimer formation could be promoted by-the flow
which brings fresh BSA solution to the adsorbed
protein. Therefore, the greater amount adsorbed
at higher flow-rates observed in this work might
be explained by multi-layer binding of ovalbumin
molecules to molecules that are already adsorbed
or dimerization of molecules or the influence of
protein deformation due to the shear stress of
the convective flow in the pores.

Heterogeneities of the membrane such as
porosity distribution, thickness distribution and
non-uniform flow through the membrane may
exist [3,6,8]. Suen and Etzel [3] calculated the
breakthrough curves when the membrane thick-
ness and porosity had variations of 10%. They
pointed out that even relatively small variations
degrade the membrane performance [3]. The
model containing these effects may also explain
the broadening of the breakthrough curve of
ovalbumin for higher flow-rates in the case of the
membrane adsorber. When a larger number of
membrane sheets are stacked, the influence of
heterogeneity of the membrane may become less
important,

Another important factor leading to broaden-
ing of curves may be non-ideality in the mem-
brane module which includes non-uniform and
uneven distribution of flow, leakage along the
side of the membranes, variation of space be-
tween membranes and dead space in the hous-
ing. As mentioned by Liu and Fried [6], this
effect is significant in membrane adsorbers.

The effects of flow-rate on the breakthrough
curve of both proteins for the packed-bed ad-
sorber are shown in Fig. 6a and b. The break-
through curves of both proteins were signifi-

1 W 4
Y T 03 'AAACAJ o

® ‘a4, @"
08 } ~ b 440 -
co= 1.0kg/m3 -
.06 |- z=16-107m Pe = 80 4
s Vi=14.10%3 i =
S g4 iy kp = 4.5 - 10*mys |
5/ — 0 1.67-105m%

—=-= A 833-10%n%s |

0.2
ceees O 1.67-107m%s

0.8 ®

—~ 06 } V= 1.4-10%m3 ]
3 Pe =80
g kp=
0.4 kp=29:105m/s |
— 0 1.67-10%m3%s
0.2 —-- A 833.10%m¥%s |

se=-- 0 1.67-107m3fs
[ - i

V- i -
0 50 100 150 200 250
VM
(o] ——
A ] Experimental —. - ] Theoretical model
D -

Fig. 6. Effect of flow-rate on the experimental and theoret-
ical breakthrough curves of (a) myoglobin and (b) ovalbumin
for the DEAE Sephacel packed-bed adsorber.

cantly affected by the flow-rate. This indicates
the influence of the intraparticle diffusion resist-
ance. The breakthrough curves of myoglobin
were steeper than those of ovalbumin, mainly
because the adsorption capacity of myoglobin is
lower than that of ovalbumin and the diffusivity
of myglobin is larger than that of ovalbumin
owing to the difference in molecular mass. The
abnormal behaviour of ovalbumin observed for
the membrane adsorber was not observed for the
packed-bed adsorber. The difference between
the membrane adsorber and the packed-bed
adsorber is the transport mechanism within the
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Table 2

Parameters used in the calculation of mathematical models for packed-bed and membrane adsorbers

Protein Parameter Packed-bed adsorber Membrane adsorber
Myoglobin Pe 65 80

k,(m’/kg-s) % o

k (m/s) 45-107* -
Ovalbumin Pe 65 80

k. (m’/kg-s) o 0.06

k,(m/s) 2.9-10°° -

adsorbent. The adsorbate molecule is trans-
ported to the adsorption site by diffusion for the
packed-bed adsorber, whereas it is transported
directly by the convective flow for the membrane
adsorber. Therefore, liquid flow in the void
space of particles does not affect on the ad-
sorption behaviour within the particles. The
breakthrough curves were simulated well by the
model for the entire flow-rate range.

Table 2 summarizes the parameters estimated
by fitting with experimental data. Although the
modelling was not successful for the ovalbumin-
membrane system, the parameters for the system
are listed. In this work, association Kkinetics
between adsorbate and adsorbent were not
dominant because the association mechanism
was ion exchange in the membrane used here.
However, the association between solute and
ligand for affinity adsorption may be slower and
more important for the membrane adsorber
owing to the absence of mass transfer resistance.

5. Conclusions

The breakthrough curves for the membrane
adsorber were compared with those for the
packed-bed adsorber. The amount adsorbed for
the membrane adsorber was smaller than that for
the packed-bed adsorber based on a unit volume
of the adsorber. The breakthrough curves for the
membrane adsorber were steeper than those for
the packed-bed adsorber owing to convection
through the pores of the membrane, leading to
negligible diffusion resistance. For the packed-
bed adsorber, the breakthrough curves were

significantly affected by the flow-rate because of
intraparticle diffusion resistance.

The breakthrough curves of myoglobin for the
membrane were steeper than those of ovalbumin
and independent of flow-rate; however, those of
ovalbumin were affected by flow-rate. The
mathematical model simulated well for myoglo-
bin but not for ovalbumin.
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V, bed volume (m*)

z  axial distance (m)

€  bed voidage or membrane porosity
g  porosity of a particle
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