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( )A liquid� solid circulating fluidized-bed LSCFB ion-exchange system was de®el-
oped for continuous protein reco®ery. It contains a downcomer for protein adsorption
and a riser for protein desorption, with ion-exchange particles circulating continuously
between the two columns. Effects of the operating conditions on the hydrodynamics and

( )the continuous ion exchange of bo®ine serum albumin BSA in the system were in®esti-
gated. Under typical operating conditions, up to 98% BSA was adsorbed in the down-

( )comer showing a ®ery high efficiency of protein remo®al from the feed , and an o®erall
protein reco®ery of up to 84% was obtained in the LSCFB system, indicating that the
LSCFB system was a ®ery promising strategy for the continuous reco®ery of proteins.

Introduction

The simplification of downstream treatment is one of the
key factors contributing to the cost reduction of a biological
production process. This may be achieved by the integration
of separate single steps into a new unit operation or by using
continuous rather than batch operations. A typical biological
broth usually contains a large amount of very small solids and
relatively low concentrations of the desired product. The first
task in developing suitable downstream processing operations
is to focus on the selection of an appropriate procedure for
handling the solids present in the broth, for example, filtra-
tion or centrifugation. However, the presence of colloidal
solids, such as cell debris, and the viscous properties of bio-
logical broth frequently make both of these methods costly
and inefficient.

Whole broth extraction using a fluidized-bed ion-exchange
system is a good strategy for downstream treatment, as it
eliminates the difficult solids separation step and recovers the
desired products directly from unclarified whole broth. The
large bed voidage of a fluidized bed allows the particulates in
the feed to pass through the bed while retaining the ion-ex-

Žchange particles in the bed Draeger and Chase, 1991; Chase,
.1994 . Continuous ion exchange using different fluidized-bed

Žsystems has been extensively investigated Turner and
Church, 1963; Higgins, 1969; Slater and Prud’homme, 1972;
Porter, 1975; Himsley, 1981; Pungor et al., 1987; Gordon et
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.al., 1990; Rodrigues et al., 1992; Byers et al., 1997 . Burns
Ž .and Graves 1989 applied a two-column magnetically stabi-

lized fluidized-bed system for the continuous chromatogra-
phy of biochemical products. Those authors, however, treated
the system as comprising two identical columns, and no dis-
cussion was provided regarding the transportation of ion-ex-
change particles between those two columns. In addition, the
operation of the magnetically stabilized fluidized-bed system

Ž .was complicated and costly. Gordon et al. 1990 reported on
Ž .the continuous affinity recycle extraction CARE of proteins

using two well-stirred reactors. This system, although simple
and easy to control, has the disadvantage of low ion-exchange
efficiency and the requirements of large processing volumes

Ž .even for a moderate throughput. Himsley 1993 patented a
continuous countercurrent ion-exchange process from a feed
liquor containing ions that, when absorbed, caused the den-
sity of the particles to increase. However, this device was de-
signed only for the adsorption. The other operations of an
ion-exchange process, that is, desorption, washing, and re-
generation, were still carried out in a conventional packed-
bed process.

Ž .Zhu et al. 2000 proposed a liquid�solid continuous flu-
Ž .idized-bed LSCFB system as a potentially excellent candi-

date for the continuous recovery of proteins from unclarified
whole broth. The proposed LSCFB system is a continuous

Žoperation with simultaneous adsorption and desorption re-
.generation being carried out in the two separated fluidized

beds, the downcomer and the riser. The ion-exchange parti-
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Table 1. Properties of Diaion HPA25 Ion-Exchange Particles

Ž .Matrix Polystyrene highly porous
Functional group Quaternary alkylamine

y1Ionic form Cl
Ž .Average diameter d , mm 0.32p �.Wet density � , grmL 1.08s y .Total exchange capacity Cl , meqrmL 0.6
Ž .Terminal velocity U , mmrs 4.5t

Ž .Bed expansion index n 2.67
3Ž .BSA adsorption capacity q , kgrm 87.9m

cles circulate continuously between the two columns. The in-
troduction of a liquid�solid circulating fluidized bed opens
the possibility of developing an integrated unit operation that
recovers products from the unclarified whole broth directly
and continuously. The LSCFB offers the advantages of a con-
ventional fluidized bed, for example, the applicability to
unclarified whole broth and the low pressure drops.

In a previous article, the authors introduced the concept of
the LSCFB system and modeled the adsorption and desorp-

Ž .tion process Lan et. al., 2000 . The isothermal characteristics
and the kinetics of BSA adsorption onto Diaion HPA25 in a

Žfinite bath have been reported in previous articles Lan et al.,
.2001; Rowe et al., 1999 . The objective of the current work is

to study the hydrodynamics of the system and to investigate
the parameters affecting the protein recovery using a model

Ž .protein, bovine serum albumin BSA .

Materials and Methods
Materials

Ž . ŽBovine serum albumin BSA Sigma Chemical Co., St
.Louis, MO was used as model protein. Anion-exchange par-

Ž .ticles Diaion HPA25 Sigma Chemical were used for all hy-
drodynamic studies and for the BSA adsorptionrdesorption
studies. The properties of Diaion HPA25 particles are listed

Ž .in Table 1. Phosphate buffer of pH 7.0 10 mM was used for
all adsorptionrdesorption studies. Hydrodynamic studies were
conducted using tap water as the fluidization liquid.

Experimental apparatus
As shown in Figure 1, the major components of the LSCFB

Ž . Ž .system included the riser 1 , a downcomer 8 , a liquid�solid
Ž . Ž .separator 2 , a top solids return pipe 6 , a bottom solids
Ž . Ž .return pipe 11 , a top wash section 5 , and a bottom wash

Ž .section 10 . The riser was 3.0 m tall and 38.0 mm in diame-
ter, and the downcomer was 2.5 m tall and 120.0 mm in di-
ameter. Two separate liquid streams were used to fluidize
the particles in the riser and the downcomer while the parti-
cles circulated between the two columns. The riser was oper-
ated in the entrained flow regime and the downcomer in the
conventional fluidization regime. To secure the pressure bal-
ance between the riser and the downcomer, which is very im-

Žportant for the stable operation of an LSCFB system Zheng
.and Zhu, 2000 , the liquid outlets on the top of the down-

comer and the separator were located at the same level. The
distributor for the downcomer was a tubular ring that was
carefully designed in order to have a uniform liquid distribu-
tion while allowing the solids to flow through.

( )Figure 1. Liquid–solid circulating fluidized-bed LSCFB
ion-exchange system.
1. Riser; 2. liquid-solids separator; 3. extract outlet; 4. raffi-
nate outlet; 5. top washing section; 6. top solids return pipe;
7. solids circulating-rate measuring device, 8. downcomer; 9.
distributor of the downcomer; 10. bottom washing section;
11. bottom solids return pipe; 12. the primary stream in the
riser distributor; 13. the auxiliary stream in the riser distrib-
utor; 14. liquid distributor of the riser; 15. butterfly valve;
16. pressure manometer.

Ž .The distributor for the riser 14 was designed so as to di-
vide the incoming stream into two substreams: the primary
and the auxiliary streams. The primary stream entered
through a tubing of 1.1 cm in ID extending 5.1 cm into the
riser. The outlet of the primary stream was located above the
solids entrance at the bottom of the riser. This design helped
to increase the pressure drop across the bottom solids return
pipe and made the system more stable. The purpose of the
auxiliary stream was to mobilize the particles at the bottom,
which were then entrained up the riser by the combination of
the primary and the auxiliary streams.

The solids circulation rate in this apparatus was controlled
by a butterfly valve located on the bottom solids return pipe.
This mechanical valve was preferred over the hydraulic valve

Ž .described by Zheng et al. 1999 due to the low density of the
Diaion HPA25 anion-exchange particles, which made the op-
eration of a hydraulic valve difficult.

The solids circulation rate was measured by a device that
consisted of a central vertical plate and two half butterfly
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Ž .valves 7 . The central plate divided the column into two
halves and the two butterfly valves were fixed at the top and
the bottom of the two half-sections. By appropriately flipping
over the two valves from one side to the other, particles cir-
culated through the system could be accumulated in one side
of the measuring section for a specific period of time to cal-
culate the particle circulation rate. The pressure gradient in
the riser and the downcomer was measured using pressure

Ž .manometers 16 .
The dynamic seals between the riser and the downcomer

were achieved by maintaining the two solids return pipes in
the moving packed-bed regime. The top wash section and the
bottom wash section rinsed the particles before entering the
solids return pipes and helped to dilute and prevent the in-
termixing of the liquids from the riser and the downcomer
sections.

Continuous BSA Ion Exchange in the LSCFB System
Continuous BSA ion-exchange in the LSCFB system was

carried out with a 2-grL BSA solution as feed and a 0.4-M
NaCl solution as the extracting buffer unless otherwise indi-
cated in the text. Both the BSA and NaCl solutions were
prepared in 10 mM, pH 7.0 phosphate buffer. Other condi-
tions are indicated in the text. In the continuous BSA ion-ex-
change studies in the LSCFB, the feed protein solution was
introduced from the tubular distributor into the bottom of
the downcomer. The regenerated Diaion HPA25 ion-ex-
change particles were introduced from the top solids return
pipe into the top of the downcomer. The liquid velocity was
controlled in such a way that the downcomer operated in the

Žconventional fluidized regime liquid velocity in the down-
comer was maintained lower than the terminal velocity of the

.ion-exchange particles , where the ion-exchange resin parti-
cles moved down countercurrent to the rising feed liquid. As
the particles and feed contacted countercurrently in the
downcomer, the BSA in the feed was adsorbed onto the ion-
exchange particles. The deproteinized solution was discarded
from the top of the downcomer. The loaded particles were
then transferred to the bottom of the riser through the bot-
tom solids return pipe after washing. The extracting buffer
Ž .0.4 M NaCl solution in 10 mM pH 7.0 phosphate buffer was
applied from the bottom of the riser. The superficial velocity

Ž .in the riser U , which was the combination of the primarylr
and the auxiliary streams, was kept higher than the terminal
velocity of the Diaion HPA25 particles. The loaded particles
were carried upward by this liquid stream while desorption
proceeded. In the liquid�solid separator, the regenerated
particles and the effluent were separated. Then, the regener-
ated particles were returned to the top of the downcomer
through the top solids return pipe. During the process of
continuous ion exchange, samples were taken from different
locations of the columns and BSA concentration was deter-
mined by measuring the absorbance at 280 nm using a Cary
Bio 50 UV-Visible Spectrophotometer.

Measurement of solids holdup
The solids holdup in the riser and the downcomer was cal-

culated from the pressure gradients in the columns. The
pressure gradient in the riser or downcomer column was
measured by a manometer as shown in Figure 1 and was given

as in Eq. 1

� P h
s 1q � g . 1Ž .lž /� z � z

Given the fact that the liquid velocities in both the riser
Ž . Ž . ŽU and the downcomer U are very low in the range oflr ld

.10�30 mmrs for U and less than 2.0 mmrs for U , it islr ld
realistic to ignore the pressure drops due to the liquid flow.
Therefore, the solids holdup, bed voidage, and pressure gra-
dient can be related as in Eq. 2

� P
s � � q� � g . 2Ž . Ž .s s l l� z

With � q � s1, the relationship between the solids holdups l
Ž .and the pressure gradient is as follows Eq. 3

� y � hŽ .s l
� s . 3Ž .s � � zs

Maximum adsorption capacity of Diaion HPA25
anion-exchange particles

Maximum adsorption capacity of Diaion HPA25 ion-ex-
change particles was determined by putting 10 mL swollen
Diaion HPA anion-exchange particles into a series of 125-mL

Ž .flasks containing 25 mL of 10 mM phosphate buffer pH 7.0
with varying concentrations of BSA. The flasks were then

Ž .sealed by parafilm ‘‘M’’ American Can Company and put on
a shaker controlled at 25�C and 200 rpm. After adsorption

Žfor 36 h previous experiments had shown that equilibrium
.was reached under this condition , the supernatant was cen-

trifuged at 10,000 rpm for 10 min. The protein concentration
of the supernatant was analyzed by measuring the ab-
sorbance at 280 nm using a Cary Bio-50 UV-Visible Spec-
trophotometer. The data were interpreted using the

ŽScatchard plot based on a modified Langmuir model Lan et
.al., 2000b .

Results and Discussion
( )Superficial liquid ©elocity U and fluidizationl d

in the downcomer
Ž .The liquid velocity in the downcomer U is an importantld

parameter for the LSCFB because it can influence the flu-
idization in the downcomer and the overall throughput of the
system. When U is maintained in a suitable range, threeld
operating zones are observed in the downcomer which differ
in solids holdup, to wit, the dense-phase zone, the dilute-

Ž .phase zone, and the freeboard zone Figure 2 . The dense-
phase zone in the downcomer operates as a conventional flu-

Ž .idized moving bed Kwauk, 1992 in which solids move down
and liquid moves up. The axial solids holdup distribution in
such a particulate moving fluidized bed is uniform and the
bed expansion can be described by the generalized Richard-

Žson and Zaki equation Richardson and Zaki, 1954; Kwauk,
.1992

U qUld sd ns� , 4Ž .dUi
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Figure 2. Three zones observed in the downcomer of
the LSCFB.

where U and U are the liquid velocity and the solids veloc-ld sd
ity in the downcomer, respectively; � is the bed voidage ind
the downcomer; and the bed expansion index, n, can be de-
termined experimentally or from the following correlation

dp y0.1ns 4.4q18 Re . 5Ž .tž /D

The dilute-phase zone is created when the ion-exchange
particles are fed into the downcomer through the solids en-
trance when the surface of the dense-phase zone is lower
than the solids entrance. The solids holdup in this section is
determined by the solids circulation rate. When G is zero,s
the solids holdup in this section is zero. Since the stable op-
erating G is small in the LSCFB system, the solids holdup ins
the dilute-phase zone is lower than that in the dense-phase
zone. Similar to other liquid�solid conventional fluidized
beds, the solids holdup in the freeboard is nearly zero. There
is a clear interface between the freeboard and the dilute-
phase zone. Under most conditions, there also exists an inter-
face between the dilute-phase zone and the dense-phase zone.
When G is very large and solids holdup of the dense phases
is low, however, the interface may disappear, because the dif-
ference between the solids holdups of these two zones is not
so evident.

The extent of the dense phase, the dilute phase, and the
freeboard depends on the values of U and G for a constantld s
amount of particles in the system. As shown in Figure 3, the

Ž .dense-phase height H increases with the liquid velocity ind
Ž .the downcomer U and decreases with the increase of theld

Figure 3. Dependence of downcomer dense-phase
( ) ( )height H on the liquid velocity U in thed ld

downcomer and the solids circulation rate
( )G , with a total of 3.0 kg Diaion HPA25 an-s
ion-exchange particles in the LSCFB.

Ž .solids circulation rate G . When the height of the dense-s
phase zone is increased to the location of the solids entrance
on the downcomer, the dilute-phase zone will be overlapped
by the dense phase. Under these conditions, the downcomer
will have only two zones: the dense phase and the freeboard.
The freeboard, however, is an essential component of the
downcomer for preventing the loss of ion-exchange particles.
The values of U and G should therefore be maintained inld s
a range that guarantees a certain length of the freeboard.

In terms of protein adsorption in the downcomer, the
dense-phase zone is the most important zone, since most of
the ion-exchange particles are in this zone and the protein
remaining in the liquid phase in the dilute-phase zone and
the freeboard should be very low under a nonbreakthrough

Ž .adsorption condition. Therefore, both the bed height Hd
Ž .and the solids holdup of the dense phase � are importantsd

parameters for the protein adsorption in the downcomer.
When the total amount of the ion-exchange particles circu-

lating in the LSCFB is constant, the dense-phase height in
the downcomer at steady state is dependent mainly on three

Ž .factors: the liquid velocities in the riser U and downcomerlr
Ž . Ž .U , and the solids circulation rate G . As discussed ear-ld s
lier, U directly affects the bed expansion of the particles inld
the downcomer and hence the dense-phase height. On the
other hand, U and G influence the number of ion-exchangelr s
particles available for the downcomer dense phase when the
total number of particles is constant. The higher the U andlr
the G , the fewer particles are available for the downcomers
dense phase, as more particles are circulating in other parts
of the LSCFB system.

( )Superficial liquid ©elocity U and the solidsl r
holdup in the riser

As discussed before, the riser of the LSCFB system oper-
ates in the circulating fluidization regime where particles are
carried up by the liquid along the riser and compensated by
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Figure 4. Axial distribution of the solids holdup in the
riser.
U s 0.6 mmrs.ld

the continuous feeding of particles into the base through the
bottom solids return pipe. Figure 4 shows that the axial solids
holdup distribution of Diaion HPA25 is uniform along the
riser. This result is in agreement with those previously re-

Ž . Ž .ported by Liang et al. 1997 and Zheng et al. 1999 .
Figure 5 shows the influence of the superficial liquid veloc-
Ž . Ž .ity U and the solids circulation rate G on the solidslr s

Ž .holdup in the riser � . It is clear that at a given U , �sr ir sr
increases with the increase in G . On the other hand, for as
given G , � decreases with the increase of U . It is worths sr lr
noting that for a specific G , the U must be maintained aboves lr
a critical value. In other words, if U is lower than the criti-lr

Figure 5. Influences of superficial liquid velocity in the
( ) ( )riser U and solids circulation rate G onlr s

( )solids holdup in the riser � .sr
U s 0.6 mmrs.ld

Figure 6. Regeneration of Diaion HPA25 in the riser as
a function of operating time.
U s 0.6 mmrs, U s11.3 mmrs, G s1.24 kgrm2� s, H s 0.8ld lr s d
m, C s 2 grL.0d

cal value, the specified G is unachievable. This is shown ins
Figure 5 as the low solids circulation region. The conven-
tional fluidization region shown in Figure 5 is the region

Ž .where U is so low that G s 0 no solids circulation . Thatlr s
is, the riser operated in this region in the conventional flu-
idization regime.

Regeneration of Diaion HPA25 in the LSCFB system
The regeneration of the ion-exchange particles in the

LSCFB system was carried out in the riser. The extent of
regeneration is a very important parameter for the stable op-
eration of the system. The maximum capacity of regenerated
ion-exchange particles as an indication of the extent of the
regeneration is one of the key factors influencing the dy-
namic adsorption capacity of the system. To measure the ex-
tent of regeneration, samples of regenerated ion-exchange
particles were taken from the liquid�solids separator and the
maximum BSA adsorption capacities of those regenerated

Ž � .particle samples q were measured. Figure 6 shows them
change in the maximum capacity of the regenerated ion-ex-
change particles with time of operation in the LSCFB. In the
initial stage, the normalized maximum capacity of the regen-

Ž � .erated ion-exchange particles q rq was approximately 1.0.m m
This was due to the fact that the particles carried up into the
separator in the initial stage were only the fresh ion-exchange
particles initially packed in the bottom solids return pipe.
Those particles did not come in contact with the feed before
they were transported to the riser. In the development stage,
however, the regeneration rate decreased with time, indicat-
ing that a part of the adsorption capacity was lost due to
fouling and the incomplete regeneration. However, the nor-
malized maximum capacity was stabilized in the steady-state
stage at around 0.75.

It is interesting to find that, after five consecutive runs,
Žwith a total treatment volume of about 900 L feed repre-

. �senting a feedrparticle ratio of 300 Lrkg , the q of the re-m
generated ion-exchange particles was still at approximately
62 mgrmL, representing a stabilized q� rq value of aroundm m
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0.7. This result indicates that although the BSA adsorption
capacity of the fresh Diaion HPA25 anion-exchange particles
was decreased by almost 30% in the first run, likely due to
fouling and incomplete regeneration, a steady state of regen-
eration was achieved so that the maximum protein adsorp-
tion capacity of the regenerated particles remained stable
thereafter. This is an important result for the long-term, sta-
ble operation of the system. For practical operations, a por-
tion of the ion-exchange particles could be periodically re-
placed with fresh particles.

( )Dynamic adsorption capacity of the system D
Protein loading rate is the amount of proteins loaded onto

the LSCFB system in a unit time. It can be calculated as
follows

LsQ C s A U C , 6Ž .d 0 d l d 0

where Q is the flow rate of feed and A the cross-sectionald d
area of the downcomer. For a particular LSCFB system, Ad
is a constant so that L is proportional to U and C . Higherld 0
protein loading rates will increase the system throughput.
However, protein loss through the raffinate will occur when
the protein loading rate is higher than the adsorption capac-
ity of the ion exchanger.

Ž .The dynamic adsorption capacity of the LSCFB system D
is defined as the amount of protein adsorbed onto the ion
exchangers in the downcomer under the maximum allowable
protein loading rate. The maximum allowable protein loading
rate is defined here as the maximum protein loading rate for
given operating conditions beyond which significant leakage
of protein will happen. The dynamic adsorption capacity of
an LSCFB system is determined by four major factors: the
maximum BSA adsorption capacity of the regenerated ion-

Ž � . Ž .exchange particles q , the solids circulation rate G , them s
fluidization and backmixing, in the downcomer, and the ad-
sorption equilibrium in the downcomer, particularly in the
dense-phase zone. The dynamic adsorption capacity of the
downcomer could thus be calculated as follows

� G A q�
s r m

Ds sL y Q C s LQ C yC ,w xŽ . Ž .max d ed d 0 edmax max� �s m f

7Ž .

where A is the cross-sectional area of the riser and � is ar
lumped correction factor determined by the fluidization, the
backmixing, and the adsorption equilibrium in the dense-
phase particulate bed in the downcomer. If there is no back-

Ž .mixing plug flow for both liquid and solids in the dense-
phase zone, and if the mass transfer is very fast so that the
adsorption equilibrium is achieved instantly, then � is one.
Otherwise, � is a constant less than 1. In addition, � , � ,s m f
and A are all constant for a given LSCFB system. There-r
fore, the dynamic adsorption capacity of an LSCFB system is
proportional to G and q� . The subscript max indicates thes m
conditions of maximum allowable loading rate.

The dynamic adsorption capacity of an LSCFB system rep-
resents the upper limit of the protein loading rate of a partic-
ular system. In other words, if the actual protein loading rate

is larger than the dynamic adsorption capacity of the system,
the ion-exchange particulate bed in the downcomer will be
‘‘broken through’’ and a significant amount of proteins will
leak into the raffinate.

A unique feature of the LSCFB system is that it is suitable
for the adsorption using ion-exchange particles with relatively
low adsorption capacity. Because loaded ion-exchange parti-
cles are continuously regenerated in this system, the low ca-
pacity of ion-exchange particles can be compensated for to a
certain extent. As discussed earlier, the dynamic adsorption
capacity of the system is determined by the q� , G , and them s
fluidization in the dense phase. Therefore, with good flu-
idization and a relatively large G , a reasonably large magni-s
tude of dynamic adsorption capacity of the LSCFB system
can be achieved, even for ion-exchange particles with a rela-
tively low adsorption capacity.

Influence of operating conditions on BSA adsorption
ratio in the downcomer

The protein adsorption ratio in the downcomer, X , is de-d
termined by the following equation

C yCŽ .0d ed
X s , 8Ž .d C0d

where C and C are the protein concentrations in the feed0d ed
and the raffinate, respectively.

A very important parameter that influences the protein ad-
sorption in the downcomer is G . The experimental results ofs
BSA adsorption in the downcomer under conditions of C0d
s 2 grL, U s 0.6 mmrs, U s 11.3 mmrs, and various Gld lr s
are shown in Figure 7. It was clear that G had significants
effects on the BSA adsorption. At a high G of 1.42 kgrm2� s,s

Ž .almost all BSA in the feed 98% was removed. When G wass
reduced to 1.06 kgrm2� s, however, only about 70% of the
BSA was removed, indicating significant loss of protein.

The remarkable influence of G on the protein adsorptions
in the downcomer can be illustrated by its effects on the dy-
namic adsorption capacity of the system. As discussed earlier,

Figure 7. Effects of solids circulation rate on character-
istics of BSA adsorption in the downcomer.
U s 0.6 mmrs, U s11.3 mmrs, H s 0.8 m, C s 2 grL.ld lr d 0 d
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( )Figure 8. Effects of superficial liquid velocity U onld
the characteristics of BSA adsorption onto Di-
aion HPA25 anion exchange particles in the
downcomer.
U s11.3 mrs, G s1.24 kgrm2� s, H s 0.8 m, C s 2 grL:lr s d 0 d
Ž . Ž .a BSA concentration profiles; b BSA adsorption ratio
profiles.

the dynamic adsorption capacity of an LSCFB system is pro-
portional to G . The system thus has a higher dynamic capac-s
ity at G s 1.42 kgrm2s than that at G s 1.06 kgrm2s. Ins s
other words, the results indicate that the actual protein load-

Žing rate at the tested condition U s 0.6 mmrs and C s 2ld 0
. ŽgrL was higher than the dynamic adsorption capacity the

.maximum allowable protein loading rate of the system at the
conditions of G s 1.06 kgrm2s and U s 0.6 mmrs so thats ld
a significant protein loss occurred under those conditions.

Ž .The influence of the liquid velocity in the downcomer Uld
on the BSA adsorption is shown in Figures 8a and 8b. The
experiments were carried out under conditions of C s 20d
grL, U s 11.3 mmrs, G s 1.42 kgrm2s, and various U .lr s ld
The height of the dense phase in the downcomer was care-
fully maintained at 0.8 m by controlling the number of Di-
aion HPA25 particles in the system. When U increased fromld
0.6 mmrs to 1.0 mmrs, the protein concentration in the raffi-

Ž .nate increased from 0.04 grL to 0.42 grL Figure 8a and the
adsorption ratio in the downcomer decreased accordingly

Ž .from 98% to 79% Figure 8b , indicating that a significant
protein leakage happened at conditions U s 10 mmrs. Theld

influence of U on the protein adsorption in the downcomerld
Ž .was as follows: 1 It directly influences the protein loading

rate. The protein loading rate increases proportionally with
Ž .the increase of U . 2 It affects the fluidization and back-ld

mixing of ion-exchange particles in the dense phase, which in
turn influence the dynamic adsorption capacity of the system.
The influence of U on the dynamic adsorption capacity is ald
somewhat complicated issue. While the increase in U in-ld
creases the bed height of the dense phase, which is beneficial
for a higher dynamic adsorption capacity, it also increases
backmixing, which tends to reduce the dynamic adsorption
capacity.

Effects of operating conditions on BSA desorption ratio in
riser and o©erall BSA reco©ery

The protein desorption ratio in the riser is defined by the
following equation

q yqŽ .0 r er
X s , 9Ž .r q0 r

where q and q are protein concentrations in the solid0 r er
phase at the solids entrance of the riser and in the separator,
respectively. However, q and q are usually difficult to0 r er
measure. It is much more convenient to obtain the protein
desorption ratio in the riser by the following equation

X
X s , 10Ž .r Xd

where X is the overall protein recovery of the LSCFB system
and X is the protein adsorption ratio in the downcomer.d
The overall protein recovery is the ratio between the protein

Ž .output flux in the extract and the input flux the loading rate
in the feed. It can be calculated by the following equation

Q Cr er
Xs , 11Ž .

Q Cd 0 d

where Q and Q are the liquid flow rates in the riser andr d
the downcomer, respectively, C is the protein concentrationer
in the extract, and C is the protein concentration in the0d
feed.

The effects of U on the adsorption in the riser were in-lr
vestigated under C s 2 grL, U s 0.6 mmrs, G s 1.240d l d s
kgrm2s, and various U . The results are shown in Figure 9alr
and 9b. When other conditions, such as the solids circulation
rate and protein concentration in the entering particles, were
constant, the protein concentration in the extract decreased
significantly with the increase in the superficial liquid velocity

Ž .in the riser Figure 9a . This is because at higher U , thelr
same amount of protein recovered was diluted by more ex-
tract buffer. As shown in Figure 9b, however, the increase of
U resulted in an increase in the overall recovery rate.lr

Stable operation window: Hydrodynamic aspects
For a continuous system, one of the keys is how to achieve

and maintain a stable and steady-state operation. There are
two aspects of the stable operation of the LSCFB system:
hydrodynamic stability and kinetic stability. The achievement
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( )Figure 9. The effects of superficial liquid velocity Ulr
on the characteristics of BSA desorption from
Diaion HPA25 anion exchange particles in the
riser.
U s 0.6 mrs, G s1.24 kgrm2� s, H s 0.8 m, C s 2 grL:ld s d 0 d
Ž . Ž .a BSA concentration profiles; b BSA desorption ratio
profiles.

and maintenance of hydrodynamic steady state are the pre-
requisite of the kinetic steady state. The hydrodynamic stable
operating window for our particular system with respect to
operating conditions U , U , and G is shown in Figure 10.ld lr s
Although the hydrodynamic stable operating window is very
system-dependent, some generalized principles exist and are
as follows.

( )Superficial Liquid Velocity in the Downcomer U . Theld
Ž .superficial liquid velocity in the downcomer U is one ofld

the most important operation conditions affecting the stabil-
ity of the system. The influence of U includes the followingld

Ž .two aspects: 1 the fluidization in the dense-phase section;
Ž .and 2 the passage of particulates in the feed through the

ion-exchange bed. Therefore, the liquid velocity in the down-
comer should be large enough to fluidize the ion-exchange
bed to provide enough voidage for the passage of the particu-
lates in the feed. If U is lower than the limit just cited,ld
particulates in the broth will be retained in the bed and the
whole column will eventually become plugged.

Figure 10. Hydrodynamic stable operation window of
the LSCFB system with 3-kg Diaion HPA25
ion-exchange particles.
The fluidization liquid in the riser was 0.4 M NaCl buffer
and in the downcomer tap water.

On the other hand, the liquid velocity in the downcomer
should not be larger than the terminal velocity of the ion-ex-
changer particles to allow the particles to fall down in the
downcomer. Furthermore, to prevent the loss of ion-ex-
change particles, U should be in such a magnitude that ald
section of freeboard is maintained in the downcomer. In this
particular LSCFB system, the maximum U was determinedld

Žto be 0.9 mmrs, representing a maximum flow rate feed plus
.bottom wash water of 36.5 Lrh.

( )Superficial Liquid Velocity in the Riser U . Superficiallr
Ž .liquid velocity in the riser U is another important opera-lr

tion condition with significant influence on the stability of
the system. The U must be higher than the terminal velocitylr
of ion-exchange beads in order to operate the riser in the
circulating fluidization regime. The terminal velocity of Di-
aion HPA25 beads was determined to be 4.5 mmrs.

Too large a U , however, will destabilize the system be-lr
cause too many ion-exchange particles will accumulate in the
liquid�solid separator. When the liquid velocity in the riser is
close or higher than the terminal velocity of the particles, the
particles cannot be transferred into the downcomer. The
maximum U for this system was determined to be 29.3 mmrs.lr

( )Solids Circulating Rate G . The solids circulating rates
Ž .G is, as discussed previously, an important parameter con-s
tributing to the dynamic adsorption capacity of the system:
the higher the G , the larger the dynamic adsorption capacitys
of the system. The G is also a very important parameter fors
the maintenance of the dynamic seal between the riser and
the downcomer. As discussed previously, the dynamic seal
between the riser and the downcomer is maintained by keep-
ing the solids return pipes in the packed moving-bed regime.
At steady state, the number of particles transferred into the
solids return pipe from the downcomer, which is determined
by the downward solids flux in the downcomer, equals the
particles transferred to the riser, which is determined by the
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upward solids flux in the riser. If, under the given conditions,
the upward solids flux represented by G in the riser is largers
than the maximum possible downward solids flux in the
downcomer, the solids holdup in the bottom solids return pipe
will be reduced to make up the balance. If this condition con-
tinues, the solids holdup in the solids return pipe will eventu-
ally become so low that the dynamic seal cannot be main-
tained.

Remo©al of contaminants from product streams
Results from this study as described earlier have shown

that the LSCFB system is an excellent technique for continu-
ous protein recovery. In addition, because of the unique fea-

Žtures associated with the LSCFB high adsorption efficiency,
.applicability to unclarified streams, and so on , the system is

also suitable for the removal of contaminant ions from sub-
strate, product, or intermediate product streams. For in-
stance, with the use of appropriate ion-exchange particles,
the LSCFB system will be very efficient for the deionization
of water and for the removal of contaminants from fructose
syrups.

Conclusions
In this research, an LSCFB system has been developed and

successfully demonstrated for us in continuous BSA protein
extraction. Hydrodynamic studies showed that the LSCFB
system was stable and suitable for the continuous protein re-
covery. It was found that the downcomer could be divided
into three zones according to the solids holdup: the dense-
phase zone, the dilute-phase zone, and the freeboard. The
dense phase is the most important zone for protein adsorp-
tion and the freeboard is an essential component for prevent-
ing the loss of ion-exchange particles. Continuous BSA ad-
sorption and desorption and regeneration of ion-exchange
particles in the system were studied with respect to the influ-
ence of different operating conditions. Typical operating pa-
rameters for the LSCFB are summarized in Table 2. Under
these conditions, results regarding the continuous BSA re-
covery using this system indicated a high protein removal ef-
ficiency of up to 98% and a overall protein recovery of up to

Table 2. Parameters for the Continuous BSA Recovery in the
LSCFB System under Typical Operating Conditions

Ž .Flow rate of the extracting buffer Q , Lrmin 0.3r
Ž .Flow rate of the feed Q , Lrmin 0.64d

Ž .Superficial liquid velocity in the riser U , mmrs 11.3l r
Ž .Superficial liquid velocity in the downcomer U , mmrs 0.6l d

2Ž .Solids circulation rate G , kgrm s 1.42s
Ž .BSA concentration in the feed C , grL 20

Ž .Height of the riser column H , m 3r
Ž .Height of the dense phase in the downcomer H , m 0.8d

Ž .Solids holdup in the riser � 0.035r
Ž .Solids holdup in the downcomer � 0.34d
Ž .Diaion HPA25 regeneration ratio R, % 0.734
Ž .BSA desorption ratio in the riser X 0.86r

Ž .BSA adsorption ratio in the downcomer X 0.98d
Ž .Overall BSA recovery X 0.84

Ž .BSA concentration at the extract outlet C , grL 0.79er
Ž .BSA concentration at the raffinate outlet C , grL 0.04ed

Note: Results shown are the average of three parallel experiments.

84%. The LSCFB system is thus promising for both protein
recovery and the removal of contaminants from products or
intermediate products.
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Notation
Ascross-sectional area of a column, m2

Csconcentration of BSA in the liquid phase, grL or kgrm3

d sparticle mean diameter, mp
Dsdynamic adsorption capacity of the LSCFB system, g BSArs or

g BSArh
G ssolids circulation rate, kgrm2 ss
H sriser height, mr
H sdense-phase height in the downcomer, md

Lsprotein loading rate, grs or kgrs
Qsflow rate of liquid in a column, m3rs or Lrmin
qsconcentration of protein in solids phase, grL or kgrm3

q smaximum BSA adsorption capacity of the ion-exchange parti-m
cles, grL or kgrm3

q� smaximum BSA adsorption capacity of the regenerated ion-ex-m
change particles, grL or kgrm3

Rsregeneration rate of ion-exchange particles, dimensionless
tstime, s

U ssuperficial liquid velocity, mmrsl
U sminimal fluidization velocity, mmrsm
U ssuperficial solids velocity, mmrss
U sparticle terminal velocity, mmrst
Xsoverall protein recovery

X sprotein adsorption ratio in the downcomerd
X sprotein desorption ratio in the riserr

zsdistance from the bottom of a column, m

Greek letters
� sbed voidage, dimensionlessl
� ssolids holdup, dimensionlesss
�sdensity, kgrm3

�sequation constant, dimensionless

Subscripts
dsdowncomer
esexit
lsliquid phase
rsriser
sssolids phase

maxsconditions under maximum loading rate
Ž .0sinlet initial
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