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Abstract

The size and density distributions of two commercial media, that is, Streamline particles and 6% agarose coated steel
beads (6AS), in an expanded bed system has been studied with a glass column (26 mm 1.D.) modified by side ports. The
Streamline particles have a broad size distribution but a relatively uniform density, while the 6AS beads have both broad size
and density distributions. The effect of liquid-phase flow velocity, liquid viscosity and settled bed height on the particle size
and density distributions is investigated. It is found that the radial mean particle size and density of the two matrices are
uniform, while axial classifications are obvious in the expanded beds. For the Streamline, the volume-weighted mean particle
size decreases linearly with increasing expanded bed height. For the 6AS beads, however, the mean particle size is even in
the axial direction, but the particle density decreases exponentially with the increase of bed height. Moreover, the mean
particle size of the Streamline or the density of the 6AS beads is well expressed as a function of the normalized bed height
(that is, the ratio of the distance from bed bottom to the expanded bed height). The liquid flow-rate, liquid viscosity and
settled bed height influence the mean axial size or density distribution by affecting the expanded bed height.
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1. Introduction void fraction within the bed, which makes it possible
for the particulate materials to pass through whilst
An expanded bed is a low back-mixing liquid the target bioproduct is adsorbed onto the solid
fluidized bed achieved by the purpose-design of the phase. The purpose-design of the column and ad-
column configuration and solid matrix with a defined sorbents could ensure the ability of the expanded
size and/or density distribution. The expanded bed bed, in an identical way to packed bed chromatog-
technique offers the potential advantages of both raphy, to purify desired products even at higher

packed bed and fluidized bed. The upward flow velocities. Due to its high bed voidage and good
through the bed of adsorbents provides the higher column efficiency, expanded bed adsorption (EBA)
has been widely employed to directly recover target
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cess and obtain greater process efficiency of the

expanded bed system, some operation parameters

should be investigated further to govern the fluidiza-

tion process and adsorption performance. In recent
years, there has been renewed interest in this subject.
The measurement and control of bed height was the

scope of the work of Thelen and Ramirez [5], who
used the technique based on ultrasonication to
monitor the top of expanded bed. Similar work on
monitoring expanded bed height has also been
presented by Ghose et al. [6]. Bruce et al. [7]
performed the effect of column verticality on liquid
dispersion and adsorption efficiency in the expanded
bed. Chase and co-workers [8,9] compared the
performance of different column diameter in terms of
the bed expansion, liquid dispersion and break-
through behaviors.

The distributions of particle size and density

particles and small-size, high-density 6% agarose
coated steel beads (UpFront Chromatography.
Copenhagen, Denmark), in a 26 mm [.D. column
modified with sampling ports. The liquid dispersion
level within the modified column was estimated by
the step-input technique with acetone as the tracer,
compared with that obtained within a Streamline 25
column (X@5wmm |.D., Amersham Pharmacia
Biotech). The liquid velocity, settled bed height and
liquid viscosity were varied to investigate their
effects on the axial particle size and density dis-

tributions of the two adsorbents in the modified

column. As a result, two empirical correlations were
formulated to predict the axial size distribution of the
Streamline particles and the axial density distribution
of the agarose coated steel beads, respectively.

within expanded bed system resulted in a distribution 2. Materials and methods

of terminal velocities leading to a classification

within the expanded bed [10]. The particles with the 2.1. Materials

larger settling velocities were found at the bottom of
the bed while those with the smaller settling veloci-
ties were at the top end. The lower liquid diffusion

level in the expanded bed was obtained because this

classification reduced the mobility of the adsorbents.

Streamline quartz base matrix was provided by

Amersham Pharmacia Biotech. The size distribution
were scanned with a Mastersizer 2000 unit (Malvern

Instruments, Malvern, UK) in the range of 80 to 500

Moreover, the target product diffusion, film mass pm (shown below in Fig. 4), with a volume-weight-

transport and liquid phase dispersion are also in-
fluenced by this classification [11]. However, there
has been little work on the quantitative investigation
on the particle size and density distributions of the
matrices within expanded bed system. Bruce and
Chase [12] recommended that the reliable particle
size and density distribution of the adsorbents at
various heights within the bed could be obtained
using the on-line sampling method. Willoughby et al.
[13] provided a batch of the size distribution data
along the column of Streamline particles (Amersham

ed mean diameter ofu210and the average
density measured by a pycnometer (Anhui Fengyang
Instruments, Anhui, China) was 1135°kg/m at
°@0The 6% agarose coated stainless steel (6AS)

beads were obtained from UpFront Chromatography.
The bead sizes ranged from 60 fion2&Bown

below in Fig. 8), with a mean diameter pihl27

and a mean density of 2843%kg/m . All other
chemicals were of analytical grade from local
sources.

Pharmacia Biotech, Uppsala, Sweden) at the settled 2.2. The modified column system for sampling

bed height of 0.15 m with twofold bed expansion.
Al-Dibouni and Garside [14] divided the fluidized
bed column into different parts so as to allow the
contents of each section to be analyzed for the axial
size distribution. They also provided a classified
fluidized bed model to predict the size distribution.
In this work, we measured the particle size and
density distributions of two commercially available
materials, that is, large-size, mid-density Streamline

Fig. 1 shows a schematic picture of the modified
expanded bed system. A purpose-designed glass
column (0x26nmm 1.D.) with a stainless steel
mesh (withwmlopenings) as the liquid distributor
and a prolonged top adapter was used for expanded
bed experiments. During these experiments, the top
adapter in the column was positioned 0.005 m above
the bed surface. The glass column was modified with
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performed at 20C. In the RTD experiments, 0.25%

l (v/v) acetone solution was injected as the tracer

solution at the bottom inlet of the column, and the
output signal at the column outlet was acquired by a
personal computer equipped with a data acquisition
system. Individual experiments were performed for
the complete experimental rig in the presence or
absence of adsorbent in order to identify the contri-
bution of the volume of fittings and the 0.005 m zone
above the bed surface. The Streamline 25 column
connected with AKTA explorer 100 (Amersham
Pharmacia Biotech) was used as a comparison.

Moment analyses of the RTD data brought out the
mean residence time and the variance for the ex-
panded bed system. Considering the expanded bed as
a close vessel, the Bodenstein number, Bo, can be
calculated from the following formula [15]:

2_2 2
US_BO Bo2

Column wall

Expanded
bed column

Bl

Pump

“(1-e™) (1)
Buffer

The Bodenstein number relates the ratio of con-
vective to dispersion mass transport, defined as:

UH
Bo= D (2)

Fig. 1. A schematic diagram of the modified expanded bed
system.

10 sampling ports at about 0.05 m intervals up its
axial height. Each port was sealed with silicone 2.4. Sampling and measurements
rubber, and the sealed section is well fit for the

smooth inner surface of the column wall. A metal Typically, the bed was allowed to expand stably
needle (100 mm1.2 mm O.Dx0.95 mm I1.D.) for at least 30 min with a corresponding mobile
connected to a 2-ml medical syringe was used to phase. The needle connected with a syringe was
withdraw the samples from the column. A peristaltic inserted into the sealed port, and 1.5 ml of liquid—
pump was employed for liquid phase supply. The solid suspension sample was withdrawn from the
outlet signal was monitored with a UV detector at center or the wall side of the column. To achieve the
280 nm. The devices were connected using 2.0 mm axial particle size and density distributions within the
I.D. plastic tubing. The length of tubing associated expanded bed, the sample was withdrawn from the
with the devices was kept as small as possible to column center up its axial height. As for the radial
reduce the dead volume in the experimental system. distributions, the sample was obtained from three
Proper column vertical alignment was confirmed in radial positions: the column wall apart from sample
all experiments. port, the column center and the column wall near to
sample port. The sampling procedure took about
2.3. Residence time distributions 20 s. The mobile phase supplying was then stopped.
Then, the particle density of the solid phase in the
Liquid dispersion behavior in the expanded bed sample was measured by a pycnomet&s, arizD
was determined by residence time distribution the size distribution was measured with the Master-
(RTD) experiments using the step-input technique. sizer 2000 unit. The volume-weighted mean particle
Distilled water and different glycerol solution (20 diameter was used to express the particle size at the
and 40%, v/v) were used as the liquid phases for sampling position. All the particles were collected to

expanded bed operations. The expanded beds were return to the column before the bed was re-expande
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stably for the next sampling. In addition, three

repetitive measurements were made for a part of the
sampling experiments, and the deviations in the
repeated measurements of the particle size and
density were found to be less than 5% (data not
shown).

3. Results and discussion

3.1. Bed expansion and hydrodynamic
characteristics

Hjorth et al. [16] investigated the influence of
matrix volume on the turbulence at the column inlet.
They demonstrated that the contribution of inlet flow
irregularities to the overall mixing could be over-
come when the settled bed height was higher than
0.1 m. Therefore, in our experiments, the lowest
settled bed height was chosen to be 0.1 m. The
results on bed expansion characteristics in the modi-
fied column of the two matrices were investigated
and compared with those obtained using the Stream-
line 25 column (standard column) at the settled bed
height of 0.1 m. As shown in Fig. 2, the solid phases
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Fig. 2. Bed expansion behaviors in the modified and standard
columns with O, @) Streamline particles and{, B) 6AS beads.
The hollow symbols represent the expansion behavior in the
modified column, and the solid symbols in the standard column
(Streamline 25).
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in the two columns displayed nearly the same bed
expansion behavior. Then the effect of the sample
ports on liquid dispersion was quantified by RTD
analysis. A large discrepancy between the ex-
perimental data in the dependence of axial mixing on
flow velocity has been reported. For example, Chang
and Chase [17] observed that the axial mixing in
liquid phase using Streamline SP increased with
increasing liquid velocity, while Bascoul et al. [18]
described an opposite trend. Dasari et al. [19]
reported that the axial mixing increased with increas-
ing liquid velocity for 40- to 63um sized LiCh-
roprep Si 60 silica particles but decreased for smaller
sized particles (25 to ). In terms of the
literature results, it seems that the axial mixing
characteristic depends on the solid phase type,
particle size, extent of the particle size and density
distributions, the column dimensions and distributor
design. In this study, the axial mixing behavior in the
standard column of the two matrices as a function of
flow velocity was examined and compared with that
in the modified column (Fig. 3). As can be seen,
increasing liquid velocity led to an increase of Bo
from 20 to 42 for the Streamline gels in the standard
column. For the 6AS beads, however, the Bo value
was fairly constant around 54—62 with the increase
of flow velocity. Fig. 3 also shows that the resulting
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Fig. 3. Axial dispersion behaviors of the two matrices in the
modified and standard column (Streamline 25). Symbols and
columns are the same as in Fig. 2.
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Bo values in the modified column of the two

matrices are only slightly lower than those obtained
by the standard column at higher liquid velocities.

The results indicate that the installation of sample
ports gives negligible influences on bed expansion
characteristics and liquid dispersion because of the
severe sealing by the silicone rubber. In addition, the
6AS beads show higher Bo values than the Stream-
line gels. A similar observation was reported by

Palsson et al. [20] using the Streamline adsorbents

and agarose coated steel beads. They accounted for

this observation as the wider density distribution of

the agarose coated steel beads, which may result in

the more stable bed. The 6AS beads have much
wider density distribution, as demonstrated in the
following section.

Chang and Chase [17] stated that expanded bed

system behaved similarly to a packed bed at-Fz0

(the expression for Pe was the same as Bo as defined

by Eq. (2)). As shown in Fig. 3, the Bo values in the

modified column are over 20 at the settled bed height
of 0.1 m. The increase of Bo with the increase of
settled bed height has been well recognized [21,22].
In this work, the settled bed height was higher than
0.1 m, so the Bo values for the modified column

experiments were all larger than 20, and the modified
expanded bed is considered to simulate well a
standard expanded bed system.

3.2. Sze distributions of the Sreamline particles
Willoughby et al. [13] reported that the radial size

distribution of Streamline particles was uniform, and
the mean diameter did not change with the distance

to center in the column. Similar results were ob-
served in this work (data not shown). In this article,
we will mainly describe the axial size distribution of
Streamline particles in the expanded bed system.
Examples of particle size distribution at different
axial positions are shown in Fig. 4. It can be seen
from Fig. 4 that the range of particle sizes at each
sampling position is quite large, and the particle size
distribution at the lower sampling position is wider
than that at the higher position. It is considered due
to the liquid and solid-phase mixing within the
expanded bed system. Thus, the volume-weighted
mean particle diabeteag used to express the
mean particle size at each sampling position.
The particle size distribution of the sample ob-

tained by us is larger than that reported by Bruce and

Chase [12]. This may be due to the difference in the

initial particle size (80—50@wm) used in this work

and that (Streamline SP of 30®--40@..m on
average) used by Bruce and Chase [12]. In addition,
we consider that the size distribution is sensitive to
sample size. The particles up and below the sampling
position would be withdrawn during the sampling
process, broadening the particle size distribution of
the sample in some extent. Thus, to obtain enough
particles for measurements and to minimize the
effect of sample size on the size distribution
broadening, the sample size was set at 1.5 ml of

liquid—solid suspension, which was less than 2% of
the total bed volume.
From Fig. 4, we can also find that the mean

diameter of the Streamline particles decreases with
the increase of the sampling height, that is, the
distance from the bed ble}tdio (nvestigate the

[
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1] 100 200
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Fig. 4. Examples of size distribution of Streamline particles at the different sampling positions and the batch of Streamline particles. The

settled bed height was 0.2 m with a twofold expansion.
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changing pattern of the mean particle size with Streamline particles as a function bfat different

three major operation parameters, that is, liquid liquid velocities. As can be seen, the mean particle
velocity, settled bed height and liquid viscosity, were diameter decreased approximately linearly with the
varied to investigate their effects. The results are increasé, aind the mean particle diameter in-
exhibited in Fig. 5. creased with the increase of liquid velocity. The
Fig. 5a displays the mean particle size of the effect of settled bed height is similar to that of liquid
280 780
260 a 260 F b
220 ¢ = 220
g 200 %
= 5 200
180 r 130
160 160
o
140 140
120 : : : - : : 120 . . : - :
0 0os 0l 015 02 025 03 o 0.l 0.2 03 04 0.5
h (e himy
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Fig. 5. Volume-weighted mean diameter of Streamline particles as a function of the distance from the bed bottom. (a) Liquid (distilled
water) flow velocities werel[{) 2.36, (a) 5.0, ¢>) 7.78 and ©) 10.2810 * m/s, with a settled bed height of 0.1 m. (b) Settled bed
heights were[() 0.1, (a) 0.15, ) 0.2 and (O) 0.25 m, each operated at a twofold bed expansion. (c) Liquid phases @gdistilled

water, (J) 20% (v/v) glycerol solution and £) 40% (v/v) glycerol solution; the settled bed height was 0.1 m with a 2.5-fold bed
expansion.
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velocity, as shown in Fig. 5b. It indicates that 2
increasing either the liquid velocity or settled bed
height leads to the aggravated classification in the
column because of the increasing expanded height.

Fig. 5¢ shows that the variations of liquid viscosi- 1.3
ty had a negligible effect on the axial particle
diameter distribution of the Streamline particles if
the expanded bed height is fixed. It should be noted 5 1
that when the liquid phase was changed from =

distilled water to 40% glycerol solution, the liquid

flow velocity was reduced from 7.78 to 1.98 * 05
m/s to achieve the same expanded bed height.
Therefore, the effect of liquid viscosity on the axial
particle size distribution of the Streamline particles
can be considered to be the effect of liquid velocity.
It indicates that the axial size distribution remains 0 0.2 0.4 0.6 0.8 !
unaffected by liquid velocity when the expanded bed WH ()

helght IS foid | | | he f Fig. 6. A correlation betweerD/D, and h/H for Streamline
) It Wa§ ifricult '_[0 s_epargtey anayze the tactors particles. The solid line is calculated from Eqg. (3). Solid symbols
influencing the axial size distribution of the Stream- represent the data from Bruce and Chase [12].

line particles because the change of liquid velocity or

settled bed height can result in the variation of

expanded bed height. Thus, two dimensionless quan-
tities were introduced to discuss these factors: (1) the
ratio of the sampling height to expanded bed height
(h/H); (2) the ratio of the measured mean diameter

at different axial position to the mean diameter of the

Streamline particled)/D,, D,=210 pum). As shown

in Fig. 6, a plot of theD/D, againsth/H under 1300
different experimental conditions yields a straight 20052 m
line expressed by Eq. (3): 1250 1 2i=0.15m
< 1=0.248 m
D h 1200 | 41=035m
b= 1.21-0.46 (3) < o
fu] o
The correlation coefficientR’) of Eq. (3) for the % e % & %
experimental data shown in Fig. 6 was estimated at 1100
0.95. The result indicates that the axial mean size
distribution of the Streamline particles can be well
expressed as a function &f/H. Hence, the liquid 1050 ¢
flow velocity, liquid viscosity and settled bed height
influence the axial size distribution by affecting the 1000
expanded bed heighitl]. In Fig. 6, the experimental -0015 -001 -0005 0 0.005 001 0015
data reported by Bruce and Chase [12] is also Radial distance from center (m)

mdl(_:ated'_As can b_e seen, Eq' (3) can _also well Fig. 7. Examples of axial and radial particle density variations of
depict their data. This demonstrates that this correla- syreamiine particles at four sampling heights. The settled bed

tion can be used to describe the axial mean size height was 0.2 m with a twofold expansion.
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distribution of Streamline particles in the expanded
bed system.

3.3. Density distributions of the Sreamline
particles

The particle density of the Streamline particles in
the radial direction was measured in different axial
positions, and the results are shown in Fig. 7. There
was little difference in the mean particle size in the
radial direction. Moreover, although the axial mean
density slightly decreased with increasing sampling
height, the difference was so small that it could be
negligible. For example, the mean density was 1131
kg/m® at 0.35 m height, and 1174 kg?m at 0.052 m
height when the liquid flow velocity was 5.580 *
m/s and the settled bed height was 0.2 m. Similar
results on the density data are provided in the
product catalog of Amersham Pharmacia Biotech
[23]. This is due to the relatively uniform density
distribution of the Streamline product because it is
fabricated by incorporating fine crystalline quartz
particles into cross-linked agarose gel.

3.4. Sze distributions of 6AS beads

As shown in Fig. 8, the size ranges of the 6AS

beads at different sampling heights of expanded bed
are nearly the same, and remain unchanged by
comparison to the unclassified 6AS beads. Examples

of mean size distributions of 6AS beads in the radial
and axial directions are shown in Fig. 9. Clearly,
there was only a small change in the axial and radial

mean particle sizes of the 6AS beads, and this small

X.-D. Tong, Y. Sun / J. Chromatogr. A 977 (2002) 173—-183
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Fig. 9. Examples of radial variations in the mean diameter of 6AS
beads at the three sampling heights. The settled bed height is 0.18
m with twofold expansion.

change was negligible because it was within the

experimental error. Therefore, the mean size of the
6AS beads can be considered uniform throughout the
whole expanded bed.

3.5. Density distributions of 6AS beads

The 6AS beads are quite different from the
Streamline particles not only in particle size but also
in density. As stated in the Materials section, the
mean density of the 6AS beads is as high as 2843
Kg/m . Since the pellicular agarose gel is unevenly
coated to steel beads with a mean diamaten of 71

25
h=035m
~ 20F AT beads
#
~ 15|
£
2 10}
T
5 -
"3 50 100 20 g 250 30

Particle Size (um)

Fig. 8. Examples of size distributions of 6AS beads at different sampling positions and the batch of 6AS beads. The settled bed height was

0.18 m with a twofold expansion.
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IDDU 1 1 1 1 1
-0.015 -0.01 -0.005 0  0.005 0.01 0015
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Fig. 10. The radial mean density variations of 6AS beads at the
four sampling heights. The settled bed height is 0.18 m with
twofold expansion.

[24], the particles are expected to have a wide
density distribution.

As shown in Fig. 10, the radial mean density of
the 6AS beads is uniform, but the axial density
distribution is significant. The mean density de-
creased from 3927 to 1823 kg’m when the sam-
pling height increased from 0.052 to 0.35 m.

The effects of liquid flow velocity, settled bed
height and liquid viscosity on the axial density
distribution of the 6AS beads were investigated. Fig.
11 exhibits the results. In all the case studied, the

mean density decreased exponentially with increas-

ing h.
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correlation between the ratio of the mean density in
the axial direction p) to the mean density of the
6AS beads f,, 2843 kg/ni ), as shown in Fig. 12.
The correlation is as follows:

ﬂo (4)

h ) ~0.42
P = 0'61'<ﬁ

The correlation coefficientR) of this equation
was estimated at 0.94, indicating that equation are
satisfactory for describing the axial mean density of
the 6AS beads in the expanded bed system.

4, Conclusions

In this work, we have studied the size and density
distributions of the two commercial matrices in the
modified expanded bed. The distribution behaviors
of the two different matrices were found to be very
different from each other. For the Streamline with a
relatively uniform density, the larger particles stayed
in the bottom of bed while the smaller particles were
found in the upper part. For the 6AS beads with a
wide density distribution, however, denser particles
stayed in the bottom of bed while the lighter particles
were found in the upper part, regardless of their
particle size. Both the axial distributions of the mean
size (Streamline) and the mean density (6AS) were
found to be a function of the ratio of the distance
from the bed bottom to the expanded bed height.
These correlations are expected to be useful in

Palsson et al. [20] also prepared agarose coatedmOde”ng and designing a separation process by

steel beads, and identified that the composite beads

had a wide density distribution. They found that the
larger particles had lower density, while the smaller
particles had higher density, due to the difference of

expanded bed adsorption. A predictive comparison
of these correlations of the particle size and density
distributions with a polydisperse hydrodynamic
model will be the subject of the next publication.

the agarose volume faction and the amount of the
coated steel beads. For the 6AS beads, however,
because obvious axial density distribution was found
without an axial mean size distribution, it was 5. Nomenclature
considered that this solid phase had no obvious
statistical (mean) density difference between the
larger and smaller particles.

Similar to that for the Streamline particles, the
results shown in Fig. 11 can be expressed by a D,

Bo Bodenstein number (=)
Volume-weighed mean diameter at dif-
ferent axial positiom)

Axial mixing coefficient (nf /s)

D
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Fig. 11. The factors on the axial density distribution of 6AS beads. (a) The settled bed height is 0.1 m and liquid velaity.6¥( (a)
16.11, ) 23.61, ©) 31.3910 * m/s, respectively. (b) The settled bed height 0.076, (a) 0.1, () 0.15, (©) 0.18 m at twofold
expansion, respectively. (c) The liquid viscosity i&l)(distilled water, ©O) 20% (v/v) glycerol solution, &) 40% (v/v) glycerol solution,
respectively. The settled bed height is 0.1 m with twofold expansion.

Mean diameter |(m)

Sampling height (m)

Expanded bed height (m)
Settled bed height (m)

Liquid superficial velocity (m/s)

Voidage of expanded bed (-)

Mean solid density at different axial
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Po Mean solid density of the whole solid
batch (kg/i )
o’ Variance ()
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