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Abstract

Magnetic stabilization permits the expansion of a packed bed without mixing of solid particles. This allows
operation with a low pressure drop, free from clogging, and high column efficiency. The performance of
magnetically stabilized fluidized beds (MSFB), developed for affinity separation, was studied in terms of axial
dispersion, the controlling factor in column efficiency. Porous beads of chitosan-containing magnetite particles were
used as the stationary phase. Bed expansion increased with increase in flow-rate and with decrease in magnetic field
strength. The axial dispersion coefficient was evaluated by moment analysis of the impulse response curves. The
axial dispersion for the MSFB was comparable to that of a packed bed and smaller than that of a fluidized bed. The

chromatographic behaviour of the MSFB was consistent with the above results.

1. Introduction

The use of a magnetically stabilized fluidized
bed (MSFB) is an alternative to conventional
column operation, such as with a packed bed
(PB) or fluidized bed (FB), for the large-scale
purification of biological products. The fluidiza-
tion is stabilized by a magnetic field so that the
bed can be maintained in a quiescently fluidized
state without turbulent solids mixing. The MSFB
has advantages of both packed and fluidized
beds, such as efficient fluid—solid contact, low
pressure drop, resistance to clogging and con-
tinuous counter-current operation.

The performance of the MSFB has been
studied for both gas [1] and liquid [2] systems.
The MSFB behaves like a packed bed but has
lower operational pressure drops while still hav-
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ing sharp breakthrough and narrow elution
bands of solute with high column capacity [1].
The application of a magnetic field to a liquid
fluidized bed produces several different oper-
ating regimes depending on the liquid velocity
and the strength of the magnetic field. There
exists an operating regime termed ‘‘stabilized”
where the bed is fluidized without mixing motion
of the particles. The adsorption efficiency for the
bed may be defined by the dynamic capacity
adsorbed until the breakthrough point, which
depends on the shape of the breakthrough curve.
In that regime, the adsorption efficiency would
be higher than for a conventional fluidized bed,
because of the smaller axial dispersion without
mixing of particles in the bed.

The adsorption efficiency decreased due to the
band spreading resulting from axial dispersion
and rate processes, such as intraparticle diffu-
sion, external fluid—solid mass transfer and in-
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trinsic adsorption rate. The intraparticle diffu-
sion and intrinsic adsorption rate are inherent in
the adsorbate—adsorbent system. As external
mass transfer is not usually dominant, the
evaluation of the axial dispersion is most im-
portant for the analysis of adsorption systems.

The objective of this paper is to evaluate axial
dispersion in the MSFB in comparison with the
PB and the FB. The axial dispersion reported in
the literature was measured for nickel powder on
a relatively small scale (solid 95 or 20-45 pm,
column 6.35 and 9.53 mm 1.D.) [3] and for steel
spheres on a relatively large scale (spheres 30—
140 mesh, column 76.2 mm 1.D.) [2] as a solid.
We have measured the axial dispersion coeffi-
cient with porous adsorbent particles that had
been prepared for affinity separation of trypsin
or lysozyme [4].

2. Experimental
2.1. Preparation of magnetic adsorbent

A magnetic affinity adsorbent was prepared
from chitosan. As chitosan is a very hydrophilic
polysaccharide and has amino groups, it is suit-
able as an affinity adsorbent.

Magnetite fine particles were synthesized from
iron(Il) sulfate by moderate oxidation with
potassium nitrate in the presence of ammonia
under a nitrogen atmosphere at boiling tempera-
ture. The average diameter of the magnetite
particles obtained was 580 nm.

Magnetite-containing porous chitosan beads
were prepared as follows. Chitosan (from crab
shells; Sigma) was dissolved in 4% acetic acid to
obtain a 3% (w/v) chitosan solution. After
filtration and degassing, the chitosan solution
was mixed with the magnetite particles prepared
as above. The mixture was forced into a nitrogen
stream through a needle nozzle by means of the
aerosol jet technique [5]. The sol particles ex-
truded from the nozzle were immediately gelled
in sodium hydroxide solution located about 0.10
m downstream from the jet nozzle. After the
magnetic chitosan beads had been sufficiently
washed with water, the beads were cross-linked

with glutaraldehyde. The size of the beads could
be controlled by the chitosan concentration,
extrusion speed, nozzle size and nitrogen flow-
rate. The average diameter of the particles used
was 0.550 mm with a standard deviation of
0.0787 mm. The content of the magnetite was
5% (w/v). The apparent density of the adsorbent
was 1210 kg/m”® and the void fraction was 0.911.
The minimum fluidizing velocity was 0.90- 10
m/s.

The prepared adsorbent was used for the
affinity adsorption of lysozyme by a group-
specific affinity interaction with the glucosamines
of the chitosan matrix, and of trypsin after
introducing soy bean trypsin inhibitor as a ligand
[4].

2.2. Impulse response measurement

The experimental apparatus is shown
schematically in Fig. 1. The column was a C10/
20 (200 mm x 10 mm 1.D.) (Pharmacia—LKB
Biotechnology) with an adapter that allowed
adjustment of the bed height. The position of the
adapter was controlled at the top of the fluidized
bed so as to eliminate the dead space above the
bed. For packed-bed operation, the adapter was
controlled at the top of the unfluidized bed so as
to prevent expansion of the bed. The column
was cooled at 277 K with a water-jacket. A
magnetic field was applied collinear with that of
the mobile phase by surrounding the column
with two wire-wound solenoid electromagnets.
D.c. power was supplied by a regulated d.c.

Conductivity
meter
f]

DC Power

I—% Feed tank

Fig. 1. Experimental apparatus for magnetically stabilized
fluidized bed operation.
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power supply (Model GP035-10; Takasago,
Tokyo, Japan) and the magnetic field strength
was controlled by the current applied. The
solenoid coil (30 mm X 68 mm 1.D.) consisted of
approximately 550 turns of 1-mm copper wire.
The fluidizing liquid flow was provided by an
HPLC pump (Model PU-880; JASCO, Tokyo,
Japan).

All the experiments were carried out in the
“flow-first”” mode [2] where the bed was fluidized
by first flowing the liquid and then applying a
magnetic field. The “flow-first” mode was better
than the “‘field-first” mode with regard to repro-
ducibility. A 25-p] pulse of aqueous 40 mM
NaCl solution was injected into the column with
a seven-port injection valve (Pharmacia—-LKB
Biotechnology). The response of the pulse was
measured with an electric conductivity meter
(Model 213A; Wescan Instruments, Santa Clara,
CA, USA). The response curve recorded was
analysed by the moment method. The magnetic
field applied was 25 kA/m unless stated other-
wise. NaCl was chosen as a tracer because the
adsorption of Na* and Cl~ ions is weak or
negligible even if they diffuse into the particles.

2.3. Affinity chromatography

Purification of lysozyme was demonstrated by
the magnetically stabilized fluidized bed filled
with the magnetic chitosan beads. Lysozyme
dissolved in 0.1 M Tris—HCI buffer solution (pH
7.4) was used as a feed solution. The feed
solution was supplied to the column until the
adsorbent was saturated with lysozyme. Then,
the lysozyme adsorbed was eluted with a 0.1 M
acetic acid. The magnetic field applied was 25
kA/m.

3. Results and discussion

3.1. Behaviour of magnetically stabilized
fluidized bed

Without a magnetic field, the particles in the
bed became fluidized at the minimum fluidizing
velocity, and moved within the bed as it ex-

panded. With a magnetic field, the bed started to
expand at the minimum fluidizing velocity but
without relative motion of the particles (stably
fluidized). When the flow-rate was increased
further, the bed height increased and the par-
ticles started to move (unstably fluidized).

The behaviour of the magnetic fluidized bed
was classified from visual observation of different
regimes depending on the strength of the mag-
netic field and the flow-rate as shown in Fig. 2.
The bed changed from an unfluidized bed (dense
packed) to a stably fluidized bed (quiescent) and
then finally an unstably fluidized bed (turbulent
solids mixing) regime as the flow-rate increased
at a given magnetic field. The particles in the
stable regime were fixed in place in the expanded
bed where the void volume is larger than that in
the packed bed, that is, the particle motion is
arrested. On the other hand, particles move in a
circulatory manner in the bed with turbulent
liquid flow in the unstably fluidized regime. The
particle behaviour in the unstably fluidized state
was “gulf streaming” [3] or “circulatory motion
of the overall bed” rather than “‘roll cell”” motion
[2]. The behaviour shifted from gulf streaming to
circulatory motion and finally to random motion
as the flow-rate increased.

Ideal performance of the fluidized-bed opera-
tion may be attained by minimizing bed expan-
sion and extending the stably fluidized state to
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Fig. 2. Effect of magnetic field strength on the fluidization
characteristics of bed (packed-bed length =0.0647 m). O =
Transition between random motion and roll-cell regime; O =
transition between roll-cell and stably fluidized regime.
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Fig. 3. Effect of magnetic field strength and flow-rate on the
fluidized bed length.

higher flow-rates while maintaining a low pres-
sure drop. Fig. 3 shows the expansion of the bed
as a function of the magnetic field strength and
the flow-rate. Larger bed heights were observed
for higher flow-rates. The bed expansion de-
creased as' the magnetic field increased. The
largest decrease in the bed height was observed
in the unstable regime. Once the bed had stabil-
ized, its height did not decrease further with
increasing magnetic field. The magnetic field
extended the quiescent state to higher flow-rates,
decreased bed expansion and minimized axial
mixing by inhibiting axial motion of the particles.
This behaviour may result in higher efficiency of
adsorption in the bed.

3.2. Pressure drops

Pressure drops in the PB and MSFB are shown
in Fig. 4. The pressure drop in the MSFB was
smaller than that in the PB because of the larger
bed voidage. As the column size was relatively
small and the particle size was large, the pressure
drop was not large in this experiment. As the
pressure drop is a function of bed voidage,
particle size and flow-rate [6], a larger bed
voidage leads to a smaller pressure drop. If the
particle size were much smaller, the pressure
drop in the PB would be much larger.

In addition to the lower pressure drop, the
MSFB can avoid consolidation of the bed. One

Fig. 4. Comparison of pressure drops between the MSFB
and PB.

of the problems with chromatography using a
soft gel as the stationary phase is consolidation
of the bed at higher flow-rates, resulting in a
significant increase in pressure drop [7]. As
particles in the MSFB are fixed in the bed with a
large bed voidage by a magnetic field even at
high flow-rates, consolidation of the bed does
not occur. Therefore, a soft gel can be used
without consolidation at high flow-rates.

3.3. Impulse response analysis

The theoretical model developed for a packed
bed is not strictly applicable to a fluidized bed
system, because the adsorbent particles move in
the bed so that there is axial mixing of solids in
addition to fluid mixing. However, a packed-bed
model was used in order to compare the be-
haviours among the PB, FB and MSFB.

The impulse response in a packed column is
governed by a system of coupled partial differen-
tial equations which include axial dispersion,
external fluid—particle mass transfer and in-
traparticle diffusion [8]. On the assumption of
linear adsorption equilibrium, the moments can
be derived [9]. The first absolute and the second
central moments of the response curve for the
system are

(1)
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The first absolute moment. uy, characterizes the
position of the centre of gravity of the response
peak, whereas the second central moment, u,.
characterizes the width of the peak.

The first and second moments of the ex-
perimental response curve are calculated by

/J,;Zf) Crdt/f C dt (3)
4 0

HQ=L C(t—u{)zdt/ f C dr (4)

The governing equations were solved analyti-
cally [10] in the time domain and the analytical
solution was given in terms of an infinite inte-
gral.

The response curves are compared in Fig. 5
among the PB, FB and the MSFB at a flow-rate
of 3.6-107" m/s. The peaks for the MSFB and
FB eluted later than that for the PB because of
larger bed void space. The shapes of the curves
were similar between the PB and the MSFB. The
peak for the FB was broader than the other two
peaks. Hence, the axial dispersion for the MSFB
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Fig. 5. Comparison of impulse response curve among the
MSFB. PB and FB.

and PB were almost the same and that for the
FB was larger.

The height equivalent to a theoretical plate
(HETP), H, reduced HETP, A, and plate num-
ber, N, are given by

H =2, /)" (5)
N = H;Z/Mz (6)
h=HI/2R (7)

The HETP and the reduced HETP are shown
in Fig. 6. The FB had the largest HETP owing to
the large axial dispersion. The HETPs for the
MSFB and PB were comparable. As the bed was
expanded for the MSFB, the HETP was even
smaller than that for the PB. The reduced HETP
seems to be larger than typical value (h =2-3),
because the operation was not optimum.

3.4. Parameter evaluation for packed bed

To evaluate the axial dispersion coefficient,
D, , unknown parameters, K, D, and kg, in the
second moment must be previously determined.
Values of the bed length, z, and the bed porisity,
€y, are constant for the PB, whereas they are a
function of flow-rate for the FB and the MSFB.
Thus, the linear regression analysis where the
moments are plotted against inverse of the flow-
rate to give a straight line is not applicable for
the FB and MSFB. Therefore, the parameters K
and D, were first obtained from the experiment
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Fig. 6. Comparison of HETP and reduced HETP among the
MSFB, PB and FB.



for the PB, because these parameters should be
inherent in the adsorbent regardless of the bed
state.

The adsorption equilibrium constant, K, was
first calculated from the first moment, u; The
slope of the regression line in the plot of (u -,/
2) versus z/v was 1+ (1 — g53)K/ey, which gave
K =1.15. This value includes the effect of pore
volume and intrinsic adsorption at the inner
surface.

When the influence of external mass transfer
on the second moment is small, the second
moment can be analysed by the linear regression
method from the plot of (u,-t;/12)v/(2z) versus
1/v. As the contribution of k, is not expected to
be negligible and then the mass transfer term in
second moment is a function of the flow-rate, the
parameters, D, and D,, were estimated by non-
linear regression. The external mass transfer
coefficient, k;, was estimated by a correlation
proposed by Wakao and Kaguei [11] where
diffusivity of NaCl was estimated by the Nernst—
Haskell equation [12].

The axial dispersion coefficient is usually pro-
portional to the flow-rate for liquid systems
except for extremely small flow-rates where
molecular diffusion has an influence. Hence, the
value of D, /v was assumed to be constant. D,
and D, /v were evaluated to be 8.59-107' m*/s
and 1.51-107° m, respectively for the PB.

3.5. Axial dispersion coefficient for a fluidized
bed and a magnetically stabilized fluidized bed

For the evaluation of the axial dispersion
coefficient of the FB and MSFB, the values of K
and D, determined from the PB were used. The
axial dispersion coefficient was calculated from
the second moment, Eq. 2, by direct substitution
of z, ey, K, D, and k, for each run at various
flow-rates. The bed voidage was calculated from
the bed height for the packed state and the
fluidized state; the bed voidage for the PB was
0.429.

The axial dispersion coefficients obtained are
shown as a function of flow-rate in Fig. 7. As the
axial dispersion coefficient for the PB was esti-
mated by linear regression of the entire data, the
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Fig. 7. Comparison of axial dispersion coefficient among the
MSFB. FB and PB.

result for the PB is represented as a straight line.
It is evident that the axial dispersion for the
MSFB is nearly the same as for the PB, whereas
the axial dispersion coefficient for the FB is
larger than that for the PB and MSFB. The FB
has a large axial dispersion coefficient, because
of the mixing of fluid induced by the movement
of solid particles. As the solid particles are fixed
by the magnetic field for the MSFB, the mixing
of fluid for the MSFB is similar to that for the
PB. The only difference between the PB and
MSFB is the bed voidage. A larger bed voidage
results in a lower pressure drop and avoidance of
clogging problems of the bed caused by sus-
pended solids in the feed solution.

The axial dispersion coefficient is shown in
dimensionless form as Pe”' versus Re in Fig. 8.
Literature data [2,3,13] are given for compari-
son. The region of Reynolds number in this work
is located in the same region as reported by
Goetz and Graves [3]. One of the main differ-
ences between this work and the literature [1,12]
is that porous chitosan particles were used here
whereas non-porous metal particles were used by
others [2,3]. The Peclet number obtained in this
work almost coincides with the published values.
The axial dispersion for the MSFB is nearly the
same as for the PB, as reported previously [2,3].

The response curves were simulated with the
parameters obtained by moment analysis. An
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Fig. 8. Comparison of 1/Pe with literature data (Siegell [2]:
Goetz and Graves [3]; Himmelblau and Bischoff [13]).

analytical solution [10] was used for the simula-
tion. The solid lines in Fig. 5 indicate the
calculated curves. The agreement between the
experimental and calculated curves indicates that
the parameters obtained by moment analysis
were reliable.

3.6. Affinity chromatography

An affinity separation, which consisted of a
series of adsorption, washing and elution steps,
was carried out, for lysozyme with the magnetic
chitosan beads. The histories of the effluent
lysozyme concentration during the operation are
compared among the MSFB, FB and PB in Fig.
9. As the adsorbent beads were fixed in the bed
by magnetic force, the performance of the MSFB
was almost the same as for the PB and better
than for the FB. The breakthrough curve in the
adsorption step was slightly gentler for the
MSFB than that for the PB because of the larger
bed voidage. The amounts of adsorbed lyozyme
were 0.306-107°, 0.278- 107 and 0.181-10 "
g/cm’ bed for the PB, MSFB and FB, respec-
tively, under the same conditions. Hence, the
efficiency of the adsorption for the MSFB is
located between those for the PB and FB. The
result agrees with the axial dispersion behaviour.
As the particle size used in this study is relatively
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. Vped = 4.5x10°%m h
- i
T N
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Fig. 9. Comparison between the MSFB, PB and FB with
respect to the performance of affinity separation of lysozyme
by magnetic chitosan beads.

large, the mass transfer resistance in a particle
may dominate. For smaller particles, the differ-
ence between the MSFB and FB must be large,
because axial dispersion may have a considerable
influence on peak broadening.

4. Conclusion

The performance of the MSFB was evaluated
in terms of the axial dispersion in the bed. The
impulse response measured was analysed by the
moment method. The axial dispersion coefficient
obtained for the MSFB was comparable to that
for the PB and smaller than that for the FB.
Therefore, the performance of the MSFB was
similar to that of the PB.

As the MSFB is aimed at large-scale prepara-
tive operation, the system used in this work may
not be suitable for practical operation where
larger columns and smaller particles may be
used. The advantages of the MSFB may become
evident for practical systems. Further work is
needed for systems close to a practical scale.

Symbols

C Concentration (M)
D,, Axial dispersion coefficient (m?/s)

ax

D, Intraparticle effective diffusivity (m*/s)
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Magnetic field strength (kA/m)
Adsorption equilibrium constant
i Fluid-to-particle mass transfer coefficient
(m/s)
Pe =2R v/D,,; Peclet number
R Particle radius (m)
Re =2Rup/u; Reynolds number
t Time (s)
t, Injection time (s)
1 Superficial fluid velocity (m/s)
vV Effluent volume (m")
v Interstitial fluid velocity (m/s)
z Bed height (m)
ey Bed void fraction
u  Fluid viscosity (kg/ms)
w; First absolute moment (s)
M, Second central moment (s%)
p Fluid density (kg/m")

>
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