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Streamline DEAE is the first-generation adsorbent developed for expanded bed ad-
sorption (low-density base matrix with wide particle size distribution and ligand sensitive
to ionic strength and salt concentration), and Streamline direct CST I is the second-
generation adsorbent (high-density base matrix with narrow particle size distribution and
ligand not sensitive to ionic strength and salt concentration). In this paper, experiments
were carried out for bovine serum albumin (BSA) protein adsorption in expanded beds,
where a Streamline 50 column was packed either with Streamline DEAE or with Stream-
line direct CST I. The hydrodynamics, BSA dynamic binding capacity, and BSA recovery
in the whole expanded bed adsorption process were compared for both adsorbents. A
mathematical model, in which intraparticle diffusion, film mass transfer, liquid axial
dispersion, solid axial dispersion, particle size axial distribution, and bed voidage axial
variation were taken into account, was developed to predict the breakthrough curves in
expanded bed adsorption. BSA breakthrough curves in expanded bed adsorption were
measured for both Streamline DEAE and Streamline CST I, and compared with the
predictions from this mathematical model. The effects of intraparticle diffusion, film mass
transfer, liquid and solid axial dispersion, particle size axial distribution, and bed voidage
axial variation on the breakthrough curves were evaluated for expanded bed adsorption
with both adsorbents. © 2005 American Institute of Chemical Engineers AIChE J, 51:
2965–2977, 2005

Keywords: expanded bed adsorption, protein adsorption kinetics, modeling, break-
through curves, residence time distributions

Introduction

Expanded bed adsorption is a single operation in which
desired proteins are purified from particulate-containing feed-
stocks without the need for separate clarification, concentra-
tion, and initial purification. This technology has been widely
applied to capture proteins directly from crude feedstocks, such

as E. coli homogenate, yeast, fermentation, mammalian cell
culture, milk, animal tissue extracts, and other unclarified feed-
stocks, and various applications have been reported from lab-
scale to pilot-plant and large-scale production.1–9

With specially designed adsorbents and columns, the adsorp-
tion behavior in expanded beds is comparable to that in fixed
beds.1 Streamline DEAE and Streamline SP are typical first-
generation adsorbents, developed for expanded bed adsorption.
The modified Sepharose matrices allow capture of biomol-
ecules directly from unclarified feedstocks; the adsorbents have
high binding capacities and product yields, attributed to stable
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expanded beds, and long life as the result of high chemical and
mechanical stability. Many theoretical and experimental re-
searches were reported in the literature10-17 with respect to the
hydrodynamics and protein adsorption kinetics in expanded
beds packed with the first-generation adsorbents. Streamline
direct CST I, a second-generation adsorbent recently developed
for use in expanded bed adsorption, has two special features
compared with the first-generation adsorbents: a high-density
base matrix and a salt-tolerant ligand. The high-density matrix
means minimizing dilution arising from biomass or viscosity
and reducing dilution buffer consumption; the ligand’s lack of
sensitivity to ionic strength means there is no need for dilution
of feedstock because of high ionic strength. However, hydro-
dynamics and protein adsorption kinetics in expanded beds
packed with the second-generation adsorbent have not been
investigated in detail.

In this article, experiments were carried out for protein
[bovine serum albumin (BSA)] adsorption in expanded beds,
where a Streamline 50 column was packed with 300 mL
Streamline DEAE and with 300 mL Streamline direct CST I,
respectively. The experimental results are compared for both
adsorbents to give a comprehensive evaluation of the hydro-
dynamics, BSA dynamic binding capacity, and BSA recovery
in the whole expanded bed adsorption process.

The hydrodynamics and adsorption kinetics in expanded
beds are more complex than that in fixed beds. The liquid axial
dispersion in expanded beds is more significant than that in
fixed beds; because of the fluidized nature of the expanded bed,
adsorbent particle axial dispersion occurs. Moreover, there are
variations of particle size axial distribution and bed voidage
axial in expanded beds for the specially designed adsorbents
with wide particle size distribution.11,15,16,18 Models available
for fixed beds may be not adequate to describe the hydrody-
namic and adsorption behavior in expanded beds.

Wright et al.14 developed a mathematical model to predict
the breakthrough curve for protein adsorption in a fluidized
bed, where intraparticle diffusion resistance, film mass transfer
resistance, liquid axial dispersion, and adsorbent particle axial
dispersion were taken into account. Later, Tong et al.19 and
Chen et al.20 used this model to predict the breakthrough curves
in the expanded bed adsorption. When capturing proteins in an
expanded bed with a high flow velocity, the slow diffusion rate
of proteins results in high intraparticle diffusion resistance,
significantly affecting the breakthrough curve. It is argued that,
in this case, the particle size, characterizing the diffusion path
in the adsorbent particles, should have a substantial effect on
the breakthrough curves.13 Therefore, simulation results should
be improved when the particle size axial distribution and bed
voidage axial variations are taken into account in the model.
Tong et al.17 modified the mathematical model by taking into
account the particle size axial distribution in expanded beds.
Following their experimental research using in-bed monitoring
in expanded beds, Bruce et al.12 predicted the in-bed break-
through curves in expanded beds by using zonally measured
parameters. Li et al.21 developed a three-zone model to predict
in-bed breakthrough curves and confirmed the effect of the
particle size axial distribution and bed voidage axial variations
on the breakthrough curves in expanded beds. Recently, Kac-
zmaarski et al.22 also analyzed the effects of the axial and local
particle size distribution and bed voidage axial variation on the
breakthrough curves in expanded beds.

Up to now, theoretical and experimental researches have
focused on protein adsorption onto Streamline DEAE or
Streamline SP in expanded beds. Streamline DEAE and
Streamline SP are first-generation adsorbents; the adsorbent
matrix has low density and large particle diameter with wide
particle size distribution (100–300 �m). The matrix of the
second-generation adsorbent, Streamline direct CST I, has high
density and small particle diameter with narrow particle size
distribution (80–165 �m). In this study, BSA breakthrough
curves in expanded bed adsorption are measured for both
Streamline direct CST I and Streamline DEAE, and a mathe-
matical model is developed to predict the breakthrough curves
and to compare with the experimental results. The effects of
intraparticle diffusion resistance, film mass transfer resistance,
liquid axial dispersion, solid axial dispersions, adsorbent par-
ticle size axial distribution, and bed voidage axial variation on
the breakthrough curves will be evaluated for expanded beds
packed with Streamline DEAE and with Streamline direct CST
I, respectively.

Although the adsorbents and the columns are designed spe-
cifically for expanded beds to maintain stable bed expansion,
the liquid axial dispersion is more significant than that in fixed
beds. Sometimes, some inadequate operation—such as the
column not being in a vertical position, trapped air in the
bottom distribution system, clogging of the bottom distribution
system and pump pulse—would make the liquid axial disper-
sion more significant. Therefore, it is necessary to exactly
measure and predict the liquid axial dispersion in expanded
beds to allow stable bed expansion during protein adsorption.

Usually, the liquid axial dispersion coefficient in expanded
beds is measured from residence time distribution (RTD) by
using the moment method.11,23-25 Based on the experimental
data of RTD curves, the mean residence time and the variance
of distribution can be calculated. Then, by letting the first
absolute moment of the dispersion model equal the mean
residence time, and the second central moment of the disper-
sion model equal the variance of distribution, the liquid axial
dispersion coefficient can be obtained easily. However, the
validity of the dispersion model cannot be judged by this
moment analytical method because the fitting degree of the
calculated response curves to that measured experimentally
cannot be evaluated directly. Sometimes, it will cause a sig-
nificant deviation for the estimation of the liquid axial disper-
sion coefficient with the baseline drift and baseline fluctuation
of experimental RTD curves during measurements. Fernandez-
Lahore et al.26 fitted the experimental RTD curves with the
theoretical model in Laplace domain using the expression
originally developed by Villermaux et al.27 In this paper, an
analytical solution for diract input mode, in which liquid axial
dispersion, tracer intraparticle diffusion, and film mass transfer
all are taken into account, is used to fit experimental RTD
curves to better estimate the liquid axial dispersion coefficient.

Experimental
Equipment

A pilot-scale Streamline 50 column (Amersham Pharmacia
Biotech, Uppsala, Sweden) was used in all expanded bed
experiments. Masterflex® peristaltic pumps (Cole-Parmer In-
strument Co., Vernon Hills, IL) were used for buffer and feed
application and to raise and lower the hydraulic adaptor of the
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Streamline 50 column. A Jasco 7800 UV detector (Tokyo,
Japan) equipped with a flowcell was used to monitor online
BSA effluent concentration from the expanded bed and tracer
(acetone) effluent concentration in RTD experiments, and the
absorbance signal was logged using the data-acquisition soft-
ware in a personal computer.

Adsorbents

Streamline DEAE and Streamline direct CST I were pur-
chased from Amersham Pharmacia Biotech. Streamline DEAE
is a weak anion exchanger with an –O–CH2CH2–N�(C2H5)2H
functional group, with the following characteristics: its matrix
consists of macroporous crosslinked 6% agarose constraining
crystalline quartz core materials, with a particle density of
about 1200 kg/m3, a particle size distribution of 100–300 �m,
and a mean particle size of 200 �m. Streamline direct CST I is
an ion exchanger with a multimodal functional group, with the
following characteristics: its matrix consists of macroporous
crosslinked 4% agarose constraining stainless steel core mate-
rials, with a particle density of about 1800 kg/m3, a particle size
distribution of 80–165 �m, and a mean particle size of 135
�m.

Model protein

The model protein, bovine serum albumin (BSA; product
number A3059, further purified fraction V, �99%), was pur-
chased from Sigma (St. Louis, MO). The molecular weight of
BSA is about 65,400 g mol�1, diffusion coefficient at infinite
dilution in water is about 6.15 � 10�11 m2/s, radius of gyration
is 29.8 Å, and isoelectric point is about 4.7.

A sample solution of BSA was prepared with the appropriate
buffer; in the case of Streamline DEAE the buffer is 20 mM
phosphate buffer (pH � 7.5), a mixture of Na2HPO4/NaH2PO4,
and in the case of Streamline direct CST I the buffer is 50 mM
acetate buffer (pH � 5), a mixture of acetate sodium and acetic
acid. Distilled water was used in all experiments.

Batch adsorption experiments

Before performing adsorption isotherm experiments, the ad-
sorbents must be saturated by phosphate buffer or acetate
buffer. Adsorbents, in the amount of 0.5 mL by particle vol-
ume, are equilibrated with 30 mL of different concentrations of
BSA solution about 8 h at 25°C on a shaking incubator (about
30 rpm); then BSA concentration in supernatant liquid is mea-
sured by UV 7800 detector at 280 nm (using a 2-mL quartz
cuvette). The adsorption capacity is calculated by mass bal-
ance.

For the kinetic experiment 2 mL of adsorbent was mixed
with 100 mL of BSA solution in a flask. The adsorption was
carried out in the shaking incubator at 25°C at 150 rpm. Every
few minutes, about 2 mL of the liquid phase was aspirated
using a suction tube to determine protein concentration, and the
sample was immediately returned to the vessel. By this proce-
dure, the time course of BSA concentration in the batch ad-
sorber was determined to estimate the effective pore diffusivity
of BSA in Streamline DEAE and Streamline direct CST I.

Residence time distribution (RTD) experiments

A Streamline 50 column is packed either with 300 mL
Streamline DEAE or with 300 mL Streamline direct CST I to

maintain a stable expansion. For Streamline direct CST I, the
settled bed height is 15.6 cm and the settled bed voidage is
0.39; for Streamline DEAE, the settled bed height is 16.5 cm
and the settled bed voidage is 0.4. The liquid axial dispersion
coefficient in expanded beds is measured by the RTD method.
Acetone inert tracer is used in all RTD experiments. About
50% v/v concentration of acetone (1.5 mL buffer aqueous
solution) is used for the dirac input mode, and input position at
the bottom of the column.

Before carrying out the RTD measurement, the bed is ex-
panded about 1 h by 20 mM phosphate buffer (pH � 7.5) for
Streamline DEAE, and by 50 mM acetate buffer (pH � 5) for
Streamline direct CST I. A dirac input of acetone sample is
applied to the column at the bottom of the bed; the effluent
liquid sample passes through the flowcell online, where the
acetone concentration is monitored by UV detector at 280-nm
wavelength; and the ABS (absorbance) signal of acetone is
logged by the data-acquisition software in a personal computer.

Experimental procedures for the whole expanded bed
adsorption process

Expansion/Equilibration Stage. First, the equilibration
buffer is pumped through the column with upward flow to the
expected expansion degree. Second, the expanded bed is al-
lowed to stabilize at this degree of expansion for about 30–40
min. Then, the liquid axial dispersion in the expanded bed is
checked by the RTD method; the liquid axial dispersion coef-
ficient should be as small as possible by avoiding inadequate
operation. The adaptor will be positioned about 0.5 cm above
the height to which the bed expands, to reduce the dead volume
in expanded beds.

Adsorption Stage. When the expanded bed is stable and
equilibrated with the appropriate buffer, the process switches to
feedstock application. Because of protein adsorption on adsor-
bents, the expanded bed height gradually drops, especially in
the expanded bed of low-density Streamline DEAE; therefore,
the liquid flow velocity will be increased gradually during the
adsorption process to maintain a constant degree of bed expan-
sion. The average liquid velocity was calculated from the ratio
of total feed volume supplied to the column to the operation
time in the loading process. The effluent stream from the top of
the column will pass through the flowcell, where BSA effluent
concentration is monitored online by UV 7800 detector, and
the ABS (absorbance) signal of BSA is logged by the data-
acquisition software in a personal computer. The BSA concen-
tration in the feed was 2 kg/m3, showing a linear relation
between the UV detector signal (ABS) and BSA effluent con-
centration during the adsorption stage.

Washing Stage. When the measurement of the break-
through curve was completed, the process switches to the wash
buffer to wash out the excess protein, other loosely bound
materials, and particulates from the column in the expanded
mode until the effluent absorbance reaches a relative stable
value. In the expanded bed of Streamline direct CST I, because
of the highly favorable adsorption of BSA, the effluent absor-
bance approaches the baseline, meaning almost irreversible
adsorption.

Elution Stage. After washing, the pump is turned off and
the bed is allowed to settle. When the adsorbent has settled, the
adaptor is moved down toward the surface until the edge of the
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adaptor net touches the bed. Elution buffer is then pumped
through the settled bed with a downward flow to elute BSA
protein. Because the BSA concentration in the effluent is very
high, the effluent samples are collected by small sample tubes,
and the BSA concentration in these samples is then monitored
by UV 7800 detector.

Mathematical Model for the Protein Adsorption in
Expanded Beds
Mathematical model

The mathematical model is developed based on the work of
Wright et al.,14 where intraparticle diffusion, film mass trans-
fer, liquid axial dispersion, and solid axial dispersion were
taken into account. In addition, the particle size axial distribu-
tion and bed voidage axial variation in expanded beds are also
included in the model.

The material balance equation for the liquid bulk phase in an
expanded bed is

DL

�2��B�Z�C	

�Z2 � u
�C

�Z
� �B�Z�

�C

�t
�

3kf�Z��1 � �B�Z�	

R�Z�

� �C � �c�r�R�Z�	 � 0 (1)

where DL is the axial dispersion coefficient; C is the concen-
tration in the fluid phase; u denotes superficial velocity; c is the
concentration in the adsorbent pore; Z is the axial distance from
column entrance; �B(Z)denotes bed voidage at the axial dis-
tance Z of the column, and thus [1 � �B(Z)] denotes the
fractional volume taken up by the solid phase; r is the radial
coordinate in the adsorbent particle; R(Z) is the radius of the
adsorbent at the axial distance Z of the column; t is the time;
and kf (Z) is the film mass transfer coefficient at the axial
distance Z of the column.

Boundary Conditions

DL��C

�Z�
Z�0

�
u

�B�0�
��C�Z�0 � C0	 (1a)

��C

�Z�
Z�H

� 0 (1b)

Initial Condition

t � 0 C�Z, 0� � 0 (1c)

The mass balance for adsorbent bulk phases in the expanded
bed column is described as

�1 � �B�Z�	
�q�

�t
� Dax,S

�2q�

�Z2 � �1 � �B�Z�	
3

R�Z�
kf�Z�

� �C � �c�r�R�Z�	 (2)

where the q� is the average adsorbent phase concentration and
Dax,S is the solid axial dispersion coefficient in the expanded
bed.

Boundary Conditions

��q�

�Z�
Z�0

� 0 (2a)

��q�

�Z�
Z�H

� 0 (2b)

Initial Condition

t � 0 q� �Z, 0� � 0 (2c)

The pore diffusion equation in the adsorbent is described as

�P

�c

�t
�

�q

�t
� De��2c

�r2 �
2

r

�c

�r� (3)

where q is the adsorbed amount concentration in adsorbent, �p

is the particle porosity, and De is the adsorbate effective pore
diffusivity.

Boundary Conditions

De��c

�r�
r�R�Z�

�
R�Z� Dax,S

3�1 � �B�Z�	

�2q�

�Z2 � kf�Z��C � �c�r�R�Z�	

(3a)

��c

�r�
r�0

� 0 (3b)

Initial Condition

t � 0 c�r� � 0 q�r� � 0 (3c)

In Eq. 3, the relationship between q and c depends on the
adsorption equilibrium of the selected experimental system.
Based on the experimental measurements for BSA protein
adsorption on Streamline DEAE and on Streamline direct CST
I, the Langmuir isotherm is assigned as

q �
qmc

kd � c
(4)

where qm is the adsorption capacity and kd is the dissociation
constant, both of which are determined by experiments.

The correlations recommended to estimate the particle size
axial distribution and bed voidage axial variation in expanded
beds, packed with the first-generation adsorbents, are

R�Z� �
d� p

2 �1.20 � 0.51
Z

H� (5)

�B�Z� � �� B�0.629 � 0.738
Z

H� (6)
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where the averaged adsorbent particle diameter d� p is an aver-
aged value over the wider particle size distribution, and the bed
averaged voidage �� B is estimated as a function of the whole
expanded bed height28

�� B � 1 � � (1 � �0)
H0

H � (7)

where �0 and H0 are the settled bed voidage and the settled bed
height, respectively.

The correlations given by Eqs. 5 and 6 are based on the
experimental data of Bruce et al.,11 where a Streamline 50
column was packed with Streamline SP to measure both the
particle size axial distribution and bed voidage axial variation
in the expanded bed. Because that system is similar to our
experimental setup, that is, a Streamline 50 column packed
with Streamline DEAE (the same Streamline matrix), we used
in the modeling the hydrodynamic results obtained by Bruce et
al.11 Kaczmarski et al.22 recommended two different equations
for the particle size axial distribution and bed voidage axial
variation; simulated breakthrough curves using correlations
from both groups11,22 are similar.

Model parameters

The effective pore diffusivity De in adsorbents is determined
by independent batch experiments.

The liquid axial dispersion coefficient DL is measured ex-
perimentally during the expansion stage by the residence time
distribution method.

The adsorbent axial dispersion coefficient Dax,S is estimated
by the correlation of Van Der Meer et al.,29 using experimental
values for superficial velocity u, as follows

Dax,S � 0.04u1.8 m2/s (8)

The Wilson–Geankopolis equation,30 applicable to low
Reynolds number (Eq. 9), is used to estimate the film mass
transfer coefficient kf (Z) in an expanded bed

Sh �
1.09

�B�Z�
Re1/3Sc1/3 �0.0015 � Re � 55� (9)

where Re is the Reynolds number [�2R(Z)	u/�], Sc is the
Schmidt number [��/(	Dm)], Sh is the Sherwood number
[�2kf (Z)R(Z)/Dm], and Dm is the molecular diffusion coeffi-
cient.

Numerical method

The model equations are numerically solved by the orthog-
onal collocation method. Equations 1 and 2 are discretized at
collocation points in the axial direction in the column, and Eq.
3 is discretized at collocation points in the particle radial
direction, leading to a set of ordinary differential equations
with initial values that are integrated in the time domain using
Gear’s stiff variable step integration routine. To obtain a stable
numerical solution for a highly favorable adsorption isotherm,
21 bed axial collocation points and 21 particle radial colloca-
tion points are used.

Results and Discussion
Adsorption isotherm and BSA effective pore diffusivity

Based on the independent batch adsorption equilibrium ex-
periments, as shown in Figure 1, circle points represent the
experimental data at room temperature (25°C). BSA protein
adsorption isotherm on both Streamline DEAE and Streamline
direct CST I can be approximately described by the Langmuir
equation as follows.

BSA Adsorption on Streamline DEAE

q �
92.59c

0.065 � c
(10a)

BSA Adsorption on Streamline Direct CST I

q �
82.15c

0.0109 � c
(10b)

According to the Langmuir equation, the separation factor f
can be defined as

f �
1

1 � c0/kd
(11)

which characterizes the adsorption conditions. For a BSA con-
centration of 2 kg/m3, which will be used in the adsorption
kinetics experiments in batch adsorber and in expanded bed
adsorption later, the separation factors are 0.032 for BSA
adsorption on Streamline DEAE and 0.0055 for BSA adsorp-
tion on Streamline direct CST I, respectively, indicating highly
favorable adsorption for BSA on Streamline adsorbents, espe-
cially on Streamline direct CST I (where virtually irreversible
adsorption occurs).

Batch adsorption kinetic experiments are carried out to es-
timate BSA effective pore diffusivity in Streamline DEAE and
in Streamline direct CST I; Figure 2 shows typical experimen-
tal data of the bulk concentration profiles in a batch adsorber
(with 100 mL of 2 kg/m3 BSA aqueous solution and 2 mL
adsorbent).Then, the experimental data of the bulk concentra-

Figure 1. BSA adsorption isotherms on Streamline
DEAE and on Streamline direct CST I at room
temperature (�25°C).
Circle points: experimental data; lines: the calculated results
by Langmuir equations, Eqs. 10a and 10b.
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tion profile are fitted with the simulation results of the pore
diffusion model to estimate BSA effective pore diffusion co-
efficient in Streamline DEAE as 3.2 � 10�11 m2/s and in
Streamline direct CST I as 1.7 � 10�11 m2/s. It should be
emphasized that in the pore diffusion model, the particle size is
assigned an average particle diameter over the particle size
distribution (d� p� 200 �m for Streamline DEAE; d� p � 135 �m
for Streamline direct CST I), and the particle porosity is as-
signed a value of 0.55, according to the published literature.31

The film mass transfer resistance is not negligible for BSA
adsorption on Streamline DEAE; in contrast, the film mass
transfer can be neglected for BSA absorption on Streamline
direct CST I in the batch experimental system. A method to
estimate both film mass transfer coefficient and effective pore
diffusivity from a single bulk concentration–time curve in a
batch adsorber has been reported elsewhere.32

Bed expansion and liquid axial dispersion coefficient in
expanded bed

The expansion degree of expanded beds packed either with
Streamline DEAE or with Streamline directs CST I is measured
at various superficial flow velocities, as shown in Figure 3,
where a Streamline 50 column is packed either with 300 mL
Streamline DEAE or with 300 mL Streamline direct CST I; the
settled bed height is 15.6 cm for Streamline direct CST I and
16.5 cm for Streamline DEAE. It is apparent that at the same

degree of expansion, the superficial liquid flow velocity for the
new Streamline direct CST I is higher than that for the old
Streamline DEAE, given that the particle density of the “new”
adsorbent (�1800 kg/m3) is greater than that of the “old”
adsorbent (�1200 kg/m3). When the expansion degree is equal
to 2, the superficial flow velocity for Streamline DEAE is only
228 cm/h, but for Streamline CST I, it allows a higher velocity
of the feedstock (up to 553 cm/h) to pass through its expanded
bed.

The residence time distribution method with a dirac tracer
(acetone) input mode is used to estimate the liquid axial dis-
persion coefficient in expanded beds packed with Streamline
DEAE and packed with Streamline direct CST I, respectively;
the experimental data of RTD curves are shown in Figure 4,
marked as circle points.

Based on the experimental data of RTD curves, the mean
residence time (t�m) and the variance of distribution (
2) are
calculated as

t�m �

0

� tCdt


0
� Cdt

�
�¥ tiCi��t

�¥ Ci��t
(12)


2 �

0

� t2Cdt


0
� Cdt

� t�m
2 �

�¥ ti
2Ci��t

�¥ Ci��t
� t�m

2 (13)

If we then let the first absolute moment �1 of the dispersion
model equal the mean residence time (t�m) and the second
central moment �2 of the dispersion model equal the variance
of distribution (
2), the liquid axial dispersion coefficient can
be easily obtained. Some common calculation formulas, Eq.
14,33 Eq. 15,11 and Eq. 16,34 are summarized as follows:


2

t�m
2 �

2�� BDL

uH
(14)


2

t�m
2 �

2��� BDL/uH� � 3��� BDL/uH�2

1 � 2��� BDL/uH� � ��� BDL/uH�2 (15)


2

t�m
2 � 2

�� BDL

uH
� 2��� BDL

uH � 2

�1 � e�uH/���BDL�� (16)

Figure 3. Relationship between bed expansion degree
and superficial liquid flow velocity in expanded
beds packed with Streamline DEAE and with
Streamline CST I.

Figure 2. Estimation of BSA effective pore diffusivity in
Streamline DEAE adsorbents and in Stream-
line CST I adsorbents in batch adsorber.
Circle points: experimental data; solid lines: simulation re-
sults of the pore diffusion model with De � 3.2 � 10�11 m2/s
and kf � 8.6 � 10�6 m/s for Streamline DEAE (a) and with
De � 1.7 � 10�11 m2/s, and kf � � for Streamline direct CST
I (b).
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When considering the tracer intraparticle diffusion resis-
tance, film mass-transfer resistance, and liquid axial dispersion,
one has


2

t�m
2 �

2uR� 2�P
2

15H

�1 � �� B�

��� B � �p�1 � �� B�	
2 � 1

�PDP
�

5

kfR�
� �

2�� BDL

uH

(17)

In Eq. 17, estimations of acetone intraparticle diffusivity and
particle porosity for acetone are described in the Appendix.

The results calculated by different formulas are similar.
Because of the small size of the tracer molecule, acetone, the
effect of the tracer intraparticle diffusion is negligible. For
Streamline DEAE, when the bed expands to about twice the
settled bed height with 228 cm/h superficial flow velocity, the
liquid axial dispersion coefficient is 4.45 � 10�6 m/s; for
Streamline direct CST I, when the bed expands to about twice
the settled bed height with 553 cm/h superficial flow velocity,
the liquid axial dispersion coefficient increases to 17.2 � 10�6

m/s as a result of the liquid flow velocity increase. In the
calculation, the mean residence time and variance of the resi-
dence time distribution of the sampling system and the precol-
umn tubing were subtracted from the measured mean residence
time and variance of the overall residence time distribution to
yield the corrected mean residence time and variance of the
RTD of the expanded bed column. As an example, the mean

residence time of extra-column volume and variance are t�c �
38 s and 
c

2 � 352 s2 at 228 cm/h flow rate and t�c � 18 s and

c

2 � 126 s2 for 553 cm/h, respectively.
If there is a baseline drift or a baseline fluctuation for

experimental RTD curves, the liquid axial dispersion coeffi-
cient estimated by the previous calculation method may deviate
from the real value of liquid axial dispersion coefficients.
Therefore, in Figure 4, the experimental data of RTD curves
are fitted by the analytical solutions with the dirac input of
acetone tracer to confirm the calculation accuracy, and at the
same time, the parametric sensitivity is analyzed. The analyt-
ical solution is given in the Appendix for reference, in which
the tracer intraparticle diffusion resistance, film mass transfer
resistance, and liquid axial dispersion coefficient are all taken
into account. In Figure 4, the mean residence time has been
corrected, and the variance associated with extra-column vol-
umes was negligible compared to the variance associated with
the expanded bed.

BSA protein breakthrough behavior in expanded beds
packed with Streamline direct CST I and with
Streamline DEAE

BSA Breakthrough Behavior in Expanded Beds Packed with
Streamline Direct CST I. When a given volume (300 mL) of
Streamline direct CST I is packed into a Streamline 50 column,
the settled bed height is 15.6 cm. BSA aqueous solution with
concentration 2 kg/m3 prepared with 50 mM acetate buffer
(pH � 5) is introduced to the column in upward flow with 181
mL/min flow velocity. The experimental data of the BSA
breakthrough curve are shown in Figure 5, marked as circle
points.

The uniform model, where the model parameters are average
values all over the column (average particle diameter and
average bed voidage), is used to predict the breakthrough
curve, as shown in Figure 5 (solid line). Because of the heavier
adsorbent, Streamline direct CST I, with narrower particle size
distribution (80–165 �m), the effects of the particle size axial
distribution and the bed voidage axial variation on the break-
through curves are smaller, so the uniform model predicts the
breakthrough curve in expanded beds reasonably well.

Figure 5. BSA breakthrough curve in expanded bed
packed with Streamline direct CST I.
Circle points: experimental data; solid line: uniform model;
dashed line: the analytical solution (Eq. 18) with irreversible
adsorption (qm � 82.15 kg/m3). The experimental conditions
and model parameters are summarized in Table 1.

Figure 4. Experimental data of RTD curves are fitted by
the analytical solution with the dirac input of
acetone tracer at expanded beds packed with
Streamline DEAE and packed with Streamline
direct CST I.
(a) Settled bed height 16.5 cm, expanded degree as 2, super-
ficial liquid flow velocity 228 cm/h, � � Dpt/R� 2 � 0.128t; (b)
settled bed height as 15.6 cm, expansion degree as 2, super-
ficial liquid flow velocity 553 cm/h, � � Dpt/R� 2 � 0.281t.
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The model parameters De, kf, DL, and Dax,S characterize the
effects of intraparticle diffusion resistance, film mass-transfer
resistance, liquid axial dispersion, and solid axial dispersion on
the breakthrough curves during expanded bed adsorption. Fig-
ure 6 demonstrates the individual contribution of each model
parameter (De, kf, DL, or Dax,S) on the breakthrough curve
during expanded bed adsorption. First, by controlling film mass
transfer resistance, the liquid and solid axial dispersion must be
as small as possible to neglect their effects on the breakthrough
curves (kf increased 10 times, DL and Dax,S decreased 10 times);
the effect of the model parameter De on the breakthrough curve
is demonstrated in Figure 6, represented by a dashed line. It is
apparent that the contribution of BSA effective pore diffusivity
to the breakthrough curves is dominant (dashed line). Then, in
turn, the effects of film mass transfer resistance, liquid axial
dispersion, and solid axial dispersion are considered in the
model; the simulation results are demonstrated in Figure 6,
respectively. The dashed–double-dotted line represents the
simulation result when both the intraparticle diffusion resis-
tance and the film mass transfer resistance are taken into
account in the model. By comparing with the simulation result
(dashed line, considering only De), the effect of the film mass
transfer coefficient is not negligible for such the highly favor-
able protein adsorption isotherm because the breakthrough time
is significantly shortened as the result of the effect of kf. The
dashed-dotted line represents the simulation results where in-
traparticle diffusion resistance, film mass transfer resistance,
and liquid axial dispersion are taken into account in the model,
and the solid line represents the simulation results when intra-
particle diffusion resistance, film mass transfer resistance, liq-
uid axial dispersion, and solid axial dispersion all are taken into
account in the model. It is apparent that the effects of the liquid
axial dispersion coefficient and the solid axial dispersion co-
efficient are smaller even at high liquid flow velocity (up to 553
cm/h) if the bed expansion is stable.

Based on the simulation results, as shown in Figure 6, the
effects of the liquid axial dispersion and solid axial dispersion
on the breakthrough curves are smaller in a stable expanded
bed packed with Streamline direct CST I. BSA protein adsorp-

tion on Streamline direct CST I is highly favorable, leading to
almost irreversible adsorption (Figure 1); therefore, instead of
the numerical solution, a simple analytical solution derived at
the irreversible adsorption isotherm with qm � 82.15 kg/m3

(Eq. 18), which takes into account both the intraparticle diffu-
sion and film mass transfer, may be used approximately to
predict the breakthrough curves in the expanded bed (as shown
in Figure 5, dashed line). The analytical solution is indeed close
to the experimental data in expanded bed adsorption. More-
over, the analytical solution (dashed line in Figure 5) is similar
to the simulated breakthrough curve from a model where only
the intraparticle diffusion and film mass transfer are significant
(dashed–double-dotted line in Figure 6). This analytical solu-
tion was reported by Weber and Chakravorti35 based on the
assumption of constant pattern, as follows

��1 � 1� Npore �
15

�3
tan�1�2� � 1

�3 � �
15

2 �ln(1 � � � �2)

�
1

3� �
5

Bi
�ln�1 � �3� � 1	 �

5


2�3
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where the dimensionless parameters are defined as
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Figure 6. Contribution of each model parameter (De, kf,
DL, or Dax,[infi]S) to the breakthrough curve in
expanded bed packed with Streamline direct
CST I.
Dashed line: uniform model with De � 1.7 � 10�11 m2/s
(neglect kf, DL, and Dax,S effects); dashed–double-dotted line:
uniform model with De � 1.7 � 10�11 m2/s and kf � 10.6 �
10�6 m/s (neglect DL and Dax,S effects); dashed–dotted line:
uniform model with De � 1.7 � 10�11 m2/s, kf � 10.6 �
10�6 m/s, and DL � 17.2 � 10�6 m2/s (neglect Dax,S effect);
solid line: uniform model with considering De, kf, DL, and
Dax,S effects (De � 1.7 � 10�11 m2/s, kf � 10.6 � 10�6 m/s,
DL � 17.2 � 10�6 m2/s, and Dax,S � 3.45 � 10�7 m2/s). The
other calculation conditions are the same as in Figure 5.

Table 1. Experimental Conditions and Model Parameters
Used for the Simulation of the Breakthrough Curves in

Expanded Beds

Expanded Bed of Streamline
Direct CST I

Expanded Bed of Streamline
DEAE

H0 � 15.6 cm H0 � 16.5 cm
�� B0 � 0.39 �� B0 � 0.4
d� p � 135 �m d� p � 200 �m
�p � 0.55 �p � 0.55
C0 � 2 kg/m3 C0 � 2 kg/m3

u � 15.37 � 10�4 m/s* u � 7.10 � 10�4 m/s*
H � 32.0 cm H � 33.5 cm
H/H0 � 2.05 H/H0 � 2.03
�� B � 0.7025 �� B � 0.7045
qm � 82.15 kg/m3 qm � 92.59 kg/m3

kd � 0.0109 kg/m3 kd � 0.065 kg/m3

De � 1.7 � 10�11 m2/s De � 3.2 � 10�11 m2/s
DL � 17.2 � 10�6 m2/s DL � 4.45 � 10�6 m2/s
kf � 10.6 � 10�6 m/s kf � 6.6 � 10�6 m/s
Dax,S � 3.45 � 10�7 m2/s Dax,S � 8.78 � 10�8 m2/s

*u is the average value during the adsorption stage, with the interval minimum–
maximum liquid velocity of 6.68–7.52 � 10�4 m/s for Streamline DEAE, and
of 15.20–15.54 � 10�4 m/s for Streamline direct CST I.
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It should be emphasized that this formula requires that �1Npore

� 2.5 � 1/Bi.
The effects of particle size axial distribution, bed voidage

axial variation, liquid axial dispersion, and solid axial disper-
sion on the breakthrough curve are smaller than those of
intraparticle diffusivity and film mass-transfer coefficient for
BSA adsorption in the expanded bed packed with streamline
direct CST I; therefore, the uniform model and the analytical
solution give a reasonable fit of experimental breakthrough
curves. However, in the uniform model, the effects of the
particle size axial distribution and bed voidage axial variation
on the breakthrough curve are neglected, which results in
predicted breakthrough curves slightly broader than the exper-
imental data (greater amount of larger-size adsorbent at the
bottom of the column and low amount of smaller-size adsor-
bent at the top of the column, will make the real breakthrough
curve steeper). In the analytical solution, the effects of the
particle size axial distribution and the bed voidage axial vari-
ation on the breakthrough curve (making the breakthrough
curves slightly steeper), and the effects of the liquid axial
dispersion and the solid axial dispersion on the breakthrough
curve (making the breakthrough curves slightly broader) are all
neglected; it happens that the sharpening effect almost equals
the broadening effect for our experimental conditions, leading
to an analytical solution that is closer to experimental data.

BSA Breakthrough Behavior in Expanded Beds Packed with
Streamline DEAE. When Streamline DEAE (300 mL) is
packed into a Streamline 50 column, the settled bed height is
16.5 cm. A 2 kg/m3 BSA aqueous solution, prepared with 20
mM phosphate buffer (pH � 7.5) is introduced in upward flow
at the column bottom with 83.6 mL/min flow velocity. The bed
is expanded to about twice the settled bed height. The exper-
imental data of the BSA breakthrough curve are shown in
Figure 7, marked as circle points. First, the uniform model is
used to predict the breakthrough curve, and the simulation
result (dashed line, in Figure 7) is compared with the experi-
mental data. The simulation result does not fit the experimental
data very well.

Based on the experimental results, at the initial breakthrough
stage, the real adsorption behavior in expanded beds is better
than the predicted results by the uniform model; however, there

is a tailing behavior of the breakthrough curves when the
effluent concentration approaches the feed concentration. In
previously published articles, the tailing behavior was ex-
plained by the presence of the dimer in BSA samples, or
microporous diffusion in the macroporous adsorbent, or protein
steric hindrance on active sites of the surface of the adsorbent.
Until now, the explanation is still unclear for the tailing be-
havior of the breakthrough curves that often occur for both
medium and large size protein adsorption. Because the Stream-
line adsorbents are macroporous, at the initial adsorption stage,
the macroporous diffusion should be considered; that is, the
breakthrough curves may be predicted by the macroporous
diffusion model for the initial breakthrough stage.

For the protein adsorption in a stable expanded bed, the slow
diffusion rate of macromolecular protein in adsorbent signifi-
cantly affects the breakthrough behavior in the expanded bed.
Therefore, the particle size should have an effect on the break-
through curves as the result of particle diameter, characterizing
the diffusion path in the adsorbent particle (small particle
diameters having a shorter diffusion path length, leading to
lower diffusion resistance than that in larger particle). Com-
pared with Streamline direct CST I, Streamline DEAE has a
wider particle size distribution (100–300 �m); when the bed
expands, the smaller and lighter particles move to positions at
the top of the expanded bed, the larger and heavier particles to
the bottom, and more adsorbents will be present at the bottom
of the column. At the top zone of the column there is a small
amount of adsorbent, and thus the real adsorption behavior in
expanded beds is better than the predicted result by the uniform
mode. The simulation result by the modified uniform model
with taking into account the particle size axial distribution (Eq.
5) and bed voidage axial variation (Eq. 6) is shown in Figure 7,
denoted by the solid line. Compared with the uniform model,
the simulation results with the modified uniform model better
describe the initial breakthrough. For such a highly favorable
adsorption isotherm, BSA protein diffuses by a shrinking core
mode in the Streamline DEAE, so the more significant effect of
the particle size axial distribution and bed voidage axial vari-
ation on the breakthrough curves will be observed at the end of
the breakthrough curves, and not at the initial breakthrough
stage. In our previous work21 for the small-size protein (ly-
sozyme) adsorption on Streamline SP in expanded beds, where
the tailing behavior of the breakthrough curves was not ob-
served, a significant improvement in the simulation results by
the modified uniform model can be observed.

In Figure 8, we give the detailed comparisons among three
simulation results: the dashed line represents the uniform
model, the dashed-dotted line represents the modified uniform
model by taking into account the particle size distribution, and
the solid lines represent the modified uniform model by taking
into account both the particle size distribution and bed voidage
axial variation. From Figure 8, by comparing the simulation
results of the uniform model (dashed line) and modified uni-
form model with particle size axial distribution (dashed–dotted
line), the effect of the particle size distribution on the break-
through curve is significant; however, by comparing the sim-
ulation results of the modified uniform model with particle size
axial distribution (dashed–dotted line) and the modified uni-
form model with both particle size axial distribution and bed
voidage axial variation (solid line), the effect of the bed void-
age axial variation on the breakthrough curve is small. It should

Figure 7. BSA breakthrough curve in expanded bed
packed with Streamline DEAE.
Circle points: experimental data; dashed line: uniform model;
solid line: modified uniform model; dashed–dotted line: mod-
ified uniform model with double kf value. The experimental
conditions and model parameters are summarized in Table 1.
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be emphasized that there is an effect of bed voidage axial
variation on the breakthrough curve when adsorbents have
larger particle diameter with wider particle size distribution.
Kaczmarski and Bellot22 claimed that the bed voidage axial
variation had no effect on breakthrough curves only for the
case of smaller-size adsorbents (d� p values of 50 or 150 �m)
with relatively narrow particle size distribution.

It is observed that the real bed adsorption behavior at the
initial breakthrough stage is still better than the predicted
results even if we modify the uniform model by taking into
account the particle size axial dispersion and bed voidage axial
variation. Based on the theoretical analysis, as shown in Figure
6, the film mass transfer coefficient also has an important effect
on the breakthrough time for such a highly favorable adsorp-
tion isotherm. It is very important to correctly estimate kf in the
simulation. From the published the papers, the film mass trans-
fer coefficient kf is estimated by the correlations for fixed beds
or their revised formula. In expanded beds, the adsorbent
particles are suspended in the liquid phase and fluctuate slightly
up and down, which will favor the film mass transfer; that is,
the real kf value should be larger than the estimated value of kf

by the previous correlations. In Figure 7, simulation results
with double kf value (kf � 13.2 � 10�6 m/s) will more nearly
reflect the real breakthrough time.

Comprehensive evaluations on the whole expanded-bed
protein adsorption process with Streamline DEAE and
with Streamline CST I

Experiments are carried out for the whole expanded-bed
BSA protein adsorption process with Streamline direct CST I
(Figure 9) and with Streamline DEAE (Figure 10). A Stream-
line 50 column is packed either with Streamline direct CST I or
Streamline DEAE at the same amount of the adsorbents (300
mL). With the same degree of expansion (twice the settled bed
height), 2 kg/m3 BSA aqueous solution is applied to the ex-
panded beds and BSA protein is adsorbed by the adsorbents;
after the adsorption stage, the bed is washed and BSA protein

recovery proceeds at the elution stage. The detailed operation
procedures have been previously described.

Based on the experimental results shown in Figures 9 and
10, the comprehensive evaluations on the hydrodynamics, BSA
dynamic adsorption capacity, and BSA recovery in the ex-
panded bed adsorption process with Streamline DEAE and
with Streamline direct CST I are summarized as follows:

(1) For the same degree of expansion and the same ex-
panded bed height, the high-density Streamline direct CST I
allows a higher feed flow velocity (553 cm/h) to pass through
the expanded bed; in contrast, a low feed flow velocity (259
cm/h) is allowed to pass through the expanded bed packed with
low-density Streamline DEAE. Because of the high flow ve-
locity, the liquid axial dispersion coefficient is correspondingly
increased in expanded beds of Streamline direct CST I. Based
on our experimental and theoretical research on the BSA break-

Figure 8. Effect of the particle size axial distribution and
bed voidage axial distribution on the break-
through curves in expanded beds.
Circle points: experimental data; dashed line: uniform model;
dash–dotted line: modified uniform model with considering
particle size axial distribution; solid line: modified uniform
model with considering both particle size axial distribution
and bed voidage axial distribution. The experimental condi-
tions and model parameters are the same as in Figure 7.

Figure 9. Effluent curves of BSA protein during adsorp-
tion, washing, and elution stages in expanded
bed packed with Streamline direct CST I.
At the adsorption stage, 2 kg/m3 BSA aqueous solution,
prepared with 50 mM acetate buffer, pH � 5, is applied from
the bottom of the expanded bed at 181 mL/min flow velocity;
at the washing stage, 50 mM acetate buffer, pH � 5, is applied
from the bottom of the expanded bed; and at the elution stage,
50 mM acetate buffer with 1 M NaCl, pH � 7, is applied from
the top of the settled bed at 39 mL/min flow rate.

Figure 10. Effluent curves of BSA protein during adsorp-
tion, washing, and elution stages in expanded
bed packed with Streamline DEAE.
At the adsorption stage, 2 kg/m3 BSA aqueous solution,
prepared with 20 mM phosphate buffer, pH � 7.5, is applied
from the bottom of the expanded bed at 83.6 mL/min flow
velocity; at the washing stage, 20 mM phosphate buffer,
pH � 7.5, is applied from the bottom of the expanded bed;
and at the elution stage, 20 mM phosphate buffer with 0.5 M
NaCl, pH � 7.5, is applied from the top of the settled bed at
37 mL/min flow rate.
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through behavior in an expanded bed of Streamline direct CST
I, the effect of the liquid axial dispersion on the breakthrough
curve is also slight, even at such a high flow velocity if the bed
expansion is stable.

(2) At 5% BSA breakthrough point during expanded bed
adsorption, BSA dynamic binding capacity on Streamline di-
rect CST I is 34 mg (BSA)/mL of settled bed volume and BSA
dynamic binding capacity on Streamline DEAE is 50 mg
(BSA)/mL of settled bed volume. However, BSA binding
capacity on Streamline direct CST I is not sensitive to ionic
strength in feedstock, which means there is no need for dilution
of feedstock arising from high ionic strength. In contrast, BSA
binding capacity on Streamline DEAE is very sensitive to the
ionic strength in feedstock; when the ionic strength in feed-
stock is increased to 50 mM, the BSA adsorption capacity
decreases by half. BSA dynamic binding capacity, Q5%, is
calculated from the BSA breakthrough curve at expanded bed
adsorption stage; the formula is defined as

Q5% �

�
0

V5%

�C0 � C�dV

VA
(19)

where V is the effluent liquid volume from expanded beds, V5%

is the effluent liquid volume at 5% BSA breakthrough point,
and VA is the settled bed volume of adsorbents.

(3) At the washing stage, it is found that BSA effluent
concentration quickly decreases and approaches the baseline
for the expanded bed of Streamline direct CST I, which means
almost irreversible adsorption for BSA binding to Streamline
CST I. BSA adsorption on Streamline DEAE is reversible;
when washing, some BSA can be desorbed from Streamline
DEAE so that the effluent concentration approaches a relatively
stable value.

(4) The ligand of Streamline DEAE is very sensitive to salt
concentration in buffer, so BSA adsorbed on Streamline DEAE
can be eluted easily by increasing the salt concentration to 0.5
M in 20 mM phosphate buffer, pH � 7.5. BSA recovery in the
whole expanded bed adsorption process can reach 91%. From
the BSA effluent concentration curve during the elution stage,
it is observed that BSA can be eluted almost completely from
Streamline DEAE; however, as a result of desorption during
the washing stage, BSA recovery is not up to 100%—a small
amount of the elution buffer is consumed, as shown in Figure
10. Streamline direct CST I has a multimodal ligand that is not
sensitive to the salt concentration. Therefore, it is very difficult
to elute BSA from Streamline CST I in the column only by
increasing the salt concentration in 50 mM acetate buffer,
pH � 5. Therefore, to accomplish elution of adsorbed BSA
proteins, both salt concentration and pH value in acetate buffer
are increased. Here, when the elution buffer is 50 mM acetate
buffer with 1 M NaCl at pH � 7, BSA recovery is up to 87%.
From the BSA effluent concentration curve during the elution
stage, it can be noted that BSA cannot be eluted completely,
and the amount of the elution buffer consumed is also greater,
as shown in Figure 9.

Conclusions

With the specially designed adsorbents (Streamline DEAE
and Streamline direct CST I), a stable expanded bed can be
formed. At the same degree of expansion, the high-density
Streamline direct CST I allows a higher feed flow velocity to
pass through the expanded bed; in contrast, a lower feed flow
velocity is allowed to pass through the expanded bed of lower-
density Streamline DEAE. With the high feed flow velocity,
the liquid axial dispersion is more significant in the expanded
bed of Streamline direct CST I than that in the expanded bed of
Streamline DEAE.

In spite of the existence of intraparticle diffusion resistance,
film mass transfer resistance, liquid axial dispersion, and solid
axial dispersion during expanded bed adsorption, the contribu-
tion of BSA effective pore diffusivity to the breakthrough
curves is dominant. The film mass transfer coefficient has a
significant effect on the initial breakthrough time for the highly
favorable protein adsorption isotherm; liquid axial dispersion
and solid axial dispersion have a lesser effect on the break-
through curves, even at high liquid flow velocity (up to 553
cm/h for Streamline direct CST I), if the bed expansion is
stable.

Because of the narrow particle size distribution of Stream-
line direct CST I, the effects of the particle size axial dispersion
and the bed voidage axial variation on the breakthrough be-
havior in the expanded bed are small, and thus the uniform
model can be used to predict the breakthrough curves with
acceptable accuracy. In contrast, because of the wide particle
size distribution of Streamline DEAE, the effects of the particle
size axial distribution and bed voidage axial variation on the
breakthrough curves in the expanded bed should be taken into
account in the model.

Based on the experimental results, at 5% BSA breakthrough
point during expanded bed adsorption, the BSA dynamic bind-
ing capacity on Streamline DEAE is 50 mg (BSA)/mL of
settled bed volume, larger than that on Streamline direct CST
I (34 mg (BSA)/mL of settled bed volume). However, the BSA
binding capacity on Streamline CST I is not sensitive to ionic
strength in the feedstock, which means there is no need for
dilution of feedstock even at high ionic strength. In contrast,
the BSA binding capacity on Streamline DEAE is very sensi-
tive to the ionic strength in the feedstock; when the ionic
strength in the feedstock is increased to 50 mM, BSA adsorp-
tion capacity decreases by half.

The ligand of Streamline DEAE is very sensitive to salt
concentration in the buffer, so BSA adsorbed on Streamline
DEAE can be easily eluted by increasing the salt concentration
to 0.5 M in 20 mM phosphate buffer, pH � 7.5. BSA recovery
in the whole expanded bed adsorption process reaches 91%,
and a slight amount of the elution buffer is consumed. Stream-
line direct CST I has a multimodal ligand that is not sensitive
to the salt concentration. Both salt concentration and pH value
should be increased in the elution buffer; for example, 50 mM
acetate buffer with 1 M NaCl, pH � 7, is used as the elution
buffer in this experiment, and BSA recovery in the whole
expanded bed adsorption process is up to 87%, and the amount
of the elution buffer is greater than that consumed for Stream-
line DEAE. In addition, from the BSA effluent concentration
curve during the elution stage, it is observed that BSA cannot
be eluted completely from Streamline CST I.
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Notation

Bi � Biot number
c � concentration in particle pore, kg/m3

C � concentration in fluid, kg/m3

C0 � inlet concentration in fluid, kg/m3

d� p � average diameter of adsorbent, m
DL � liquid axial dispersion coefficient, m2/s
Dm � molecular diffusion coefficient, m2/s
Dp � intraparticle pore diffusivity, m2/s
De � intraparticle effective pore diffusivity, m2/s

Dax,S � solid axial dispersion coefficient, m2/s
H0 � settled bed height, m
H � expanded bed height, m
kd � dissociation constant defined by Eq. 4, m3/kg
kf � film mass transfer coefficient, m/s
n � amount of sample injected, kg

Pe � Peclet number
q � adsorbed concentration in adsorbent, kg/m3 particle
q� � averaged adsorbent phase concentration, kg/m3

qm � maximum adsorbed concentration, defined by Eq. 4, kg/m3

particle
r � radial distance from center of particle, m
R � radius of adsorbent, m

Re � Reynolds number
Sc � Schmidt number
Sh � Sherwood number

t � time, s
u � superficial liquid flow velocity, m/s

Vc � column volume, m3

Z � axial distance from column entrance, m

Greek letters

�0 � settled bed voidage, m3/m3

�B � bed voidage of expanded bed, m3/m3

�p � adsorbent porosity, m3/m3

� � liquid viscosity, Pa�s
	 � liquid density, kg/m3
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Appendix: Analytical Solution for the Residence
Time Distribution (RTD) Curve

In the mathematical model, the liquid axial dispersion, in-
traparticle diffusion, and film mass transfer resistance are all
taken into account. The material balance equation for fluid
phase is

DL
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The material balance equation in pore particle is
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The initial and boundary conditions for Eqs. A1 and A2 are

C�Z, 0� � 0 (A3)

c�r, Z, 0� � 0 (A4)

C�0, t� � C0tc��t� with dirac input mode (A5)
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Based on published works,36-38 the analytical solution for the
RTD curve at dirac input mode, is
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The dimensionless variables are
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where the reference concentration is the ratio between the
amount injected and the fluid volume in the column, C0 �
n/�� BVc and �c � Dptc/R�

2 (tc � �� BH/u is the space time).
The tracer (acetone) intraparticle pore diffusivity is esti-

mated approximately as Dp � 1.28 � 10�9 m2/s; the film mass
transfer coefficient kf is estimated by the correlation Eq. 9; and
the particle porosity for acetone is estimated by first moment
�1, equal to the mean resistance time of the experimental RTD
curve, as suggested by Boyer and Hsu.31
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