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Abslract-The static and kinetic adsorption characteristics of Streamline DEAE and DEAE-Sepharose FF were 
studied under various operating COlldiliOllS. The adsorption isotherms for the two types of adsorbents were obtained 
and found to fit well to a Langmuir-type expression. The adsorption kinetics of Sb-eaz~fline DEAE at different con- 
centrations, temperaures, and viscosities were studied and a mathematical model including particle size distribution 
was developed to describe the adsorption performance of Streamline DEAE. Comparing the uptake curves of 
SbeanKine DEAE with DEAE-Sepharose FF, it could be concluded that St~a~Kine DEAE achieves equilibrium f0~stel- 
to get equilibrium than DEAE-Sepharose FF, indicating that Stremfline DEAE could be used in higher flow rate systelns. 
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INTRODUCTION 

ExpmMed bed adsolption is one type of integrated technology 
now being considered for the ptaffication of desired products di- 
rectly from cell suspensions, crude cell lysates, and refolded mix- 
tures. EXl~lded bed adsolptitxl combines classificatic~l processing, 
such as microfilb-ation and ceimifngalion, and partial ptaificalion 
processing into a one-unit operation, providing product isolation 
while minmfi~ng the number of precessmg operations required for 
product recovery [Chase, 1994]. Therefore, the use of expanded 
bed adsolption in the separation precesses of biotectmology has re- 
ceived considerable a~xltion in the past ten years and a wide image of 
applications have been proposed [Chase and Dreager, 1984; Chase, 
1994; Clelrmlitt mid Chase, 2000; Hjorth, 1997; Hu et al., 1999; 
Mullick and Flickingel; 1999; Owen and Chase; 1999]. However, 
most of the studies have been fccused on the application of ff~is tech- 
niquc, with little a~empt to investigate the fundamental adsolption 
properties. 

Streamline adsorbe~gs are a set of adsorbents specially designed 
for the ext~Med bed adsolption proce&~re by Alnershazn Phanna- 
cia Biotech [HjoN~, 1997]. Compared with the conventional chro- 
mato~-aphic mabices, they have high-density inert cores that allow 
them to achieve the high throughput required in industrial applica- 
lions of adsc~plic~ ct~-omatogl-aphy. Moreover, they have a com- 
l~-atively wide particle size disttibulion ff~at reduces the back-mix- 
ing inthe column. Most of the application studies on expanded bed 
adsc~plion used fffis type of adsorbent for the sep~-alion process 
[Ctkq~se and DreageL 1984; Chase, 1994; Clelmnils and Chase, 2000; 
HjoN~, 1997; Huet  al., 1999]. However, the fimdameNal adsorp- 
lion research for the adsorbent was scarce. 

Although there have been a large number of mathematical mod- 
els concerning protein adsorption [Chase, 1984; Graham and Fook, 
1 982; Hor~qanar~l and Chase, 1989; Jot~ston and Hean~, 1990; John- 
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stonet al., 1991; S!dchnore et al., 1990; Tsou and Cn-aham, 1985] 
and some reports about the effect of the adsorbent size on the bio- 
product sel~'ation [Choi, 1990], the effect of surface pressure on 
the adsoiptive behavior of a globular l~otein [Cho et al., 1999] mid 
the effect of overflow parameter on the frequency response of a con- 
tinuous flow adsolber [Park et al., 2000], ttlere have been no rel~rts 
until now concerning the adsoiplion model that includes boffl size 
distribution and heterogeneous s~ucmre. Most researchers have as- 
sumed Sb-eamline adsorbei~ as the conveiNoi~al adso~oent in order 
to use a traditional adsorption model [~ang  and Chase, 1996; Kamu 
et al., 1997; Wright et al., 1999]. Unlike traditional adsorbei~% the 
particle size disbibutic~l was designed purposely for the Streamline 
adsorbent. Therefore, a realistic adsorption model concerning a 
Streandine adsorbent should take into account the particle size dis- 
tfibutioit 

In ff~ papei; Streandine DEAE and DEAE Sepharose Ft r were 
chosen as the model adsorbents and Bovine serum albumin (BSA) 
as the model protein. The static and kinetic adsorption performance 
of the two adsorbents was studied under various conditions. More- 
over, a heterogeneous adsorption model including particle size dis- 
tribt~don was developed in order to describe the kinetic adsorption 
perfomlance of Streamline DEAE. 

MATERIAL AND METHODS 

Streamline DEAE and DEAE-Sepharose FF were purchased from 
Amershmn Pt~macia Bioteck The particle size distlibution data 
of Sb-eandine DEAE was detelmined by Coulter LS-230 laser size 
analyser. Bovine serum alhrnin (BSA) (fi-action V) was purchased 
fi-onl Sino-American Biotedl. All offler chemicals used were of an- 
alytical grade and were obtained from commercial sources. 
1. Adsorption Equilibrium Isotherms 

Flasks of 25 ml total volume were filled with 0.5 nd resin mid 
14.5 ml BSA solution in a 20 mM sodium phosphate buffer ([oH 
7.0). After the 20 h incubation, the protein contempt in the superna- 
tant was detemfined by UV adsc~ptic~l (280 nm). The amount of 
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protein adsorbed was calculated fi-om the difference between the 
initial and final concentrations. 
2. Adsorption Kinetics 

Adsorption kinetics was measured via plotein absorbency at 280 
um by using the apparatus described by Horsnnann and Chase [Hor- 
staml~l and Chase, 1 989]. The adsorbent was equilibrated in the 
required buffer, and made to a 1:1 (v/v) suspension. Twenty ml of 
buffer was circulated in the systera by ineans of a peristaltic pump. 
The initial optical density of the buffer was recorded as the blank 
sample, and then a small volume of a concentrated solution of BSA 
(8 rag/nd) in buffer was added The total volume was kept at 50 
ml adjusted by buffer Aft, er the optical density reached equilibrium, 
the value was recorded and 2 nd of the adsorbent suspension was 
added The optical density of the solution decreased with lkne as 
BSA was adsorbed to the adsorbent until the density became con- 
stant. The equilibfiuln concentration was detemlined by applying 
the constant optical density to the correlation curve between optical 
densities and BSA concentrations. A series of such experiments 
was carried out at different initial concentrations of BSA, tempera- 
n~res and solution viscosities. Adding a quantity of glycerol modi- 
fied the solution viscosity. 
3. A Model  for Adsorption Kinetics 

In order to propose the adsorption idnetics model of Streamline 
DEAE, the assumptions proposed by Hostmal~l and Chase were 
used [Horstmal~l and Chase, 1989]. Compared to the conventional 
chromatographic adsorbent, an additional assumption was made 
clue to the specific properties of Streamline DEAE. The ads&oent 
particle was regarded as spherical with an inert core. Moreover, the 
thickness of the agarose sheU was constm~ and the size distribu- 
tion of tile adsorbent was a function of that of the inert core. 

For diffusion within the adsorbent particle, the point concentra- 
tion of a solution was given by Eq. (1). 

saC, a~C' r -'~|-(1-ep)a-~*UlJ Ut (1) P at =sPDP(-~7 +2aC'~ 

The second-order reaction model developed by Chase [Chase, 1984] 
was used to describe the equilihium adsolption behavior expressed 
by Eq. (2). 

~-~t=klC,.(% %) k lq, (2) 

As described above, Eq. (2) became Eq. (3) at equilibrium, which 
is the form of the Langmuir equation. 

~C, 
q' K,~ +C,. (3) 

Where %, is maximum capacity and Ks dissociation constant. 
Accordkg to tim assmnption [Horsbnalm and Ch&se, 1989], the 

binding rate was instantaneous compared to the protein bansfer rate 
as given by Eqs. (4) and (5). 

at OC, at 
(4) 

and 

aq~. q~Kd 
aC,. (Kd +C,.) ~ 

(5) 

Substituting Eq. (5) into Eq. (4) gave 

~q q,,Kd ~C, (6) 
at (K d+C,) ~ at 

Substituting Eq. (6) into Eq. (1) gave 

(1 +1 -s~ q~Ka ~aC,.=D (a~C,.+2OC,~ 
ep (K~+C,) 2Jot Ptar 2 rOr) (7) 

The rate of mass transfer through the external film related the bulk 
liquid concentration in the pore liquid is expressed by Eq. (8) at tile 
surface of tile particle. 

r :R = Dkp--~ (Cs C,I ) l ,  =R; I (8) 

The rate becomes zero at the surface of tile inert core of the particle. 

~ :,,,=0 (9) 

Based on the data of particle size distribution, the adsorbents were 
divided into several fi-actions, and the adsorbent diameter wittml 
each specific fi-action was assumed to be unifonn. In a stirred tmkk 
system, the rate of change of bulk concentration was given by Eq. 
(10). 

ctCL s . ~ 3 0  dt (C: C,)l,=~, (10) 

Eqs. (7) to (10) were the general fomls of the new model. Wtlen 
ru: 0, and j 1, the model was chmged to the traditional liquid flhn 
and pore diffusion model, so the new model was named the mo- 
dified liquid flhn and pore diffusion model (MFPDM). The model 
was solved witi1 Matlab 5.0 by the orthogonal collocation method 
[Finlayson, 1980]. The values of Dp and k/were obtained by the 
regression of experimental data. 

If the protein-binding rate is asstrned to be the rate-limiting step, 
a inodel named as kinetic constant model can be obtained by in- 
tegration of Eq. (2) [Jotmston and Heanl, 1990; S!ddmore et al., 
1990], and is given by Eq. (11 ). 

v- (b  +a'{1 i exp( 2-~k,t)} 1 

C(t)=C~ v/~-+%I1l,~--~a][ exp( ~-~k,t)} 1 (11) 

where 

/C~, V~ C 0 a 2 = b  2 -1  ~.__~_, iq~ (12) 
k v )  

b 1( C~ 

The model was used to simulate the experimental results for con> 
parison. 

RESULTS AND DISCUSSION 

1. Particle Size Distribution of Streamline DEAE 
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Fig. 1. The particle size distribution data of Streamline DEAE 
measured by Coulter LS-230 laser size analyser. 

Table 1. The static adsorption data at varied temperatures (pH 7.0) 

Temperature STREAMLINE DEAE DEAE-Sepharose FF 

(~ % (mg/ml) lid (mg/ml) % (mg/ml) lid (mg/ml) 

15 55.2 0.07 56.5 0.065 
25 58.3 0.045 59.8 0.041 
30 60.4 0.037 62.2 0.031 
35 63.5 0.028 65.5 0.022 

Fig. 1 shows the particle size dist[ibution of Streamline DEAE 
measured by Coulter Laser L-230. The graph shows that the par- 
ticle size distiibudon was similar to the log~iffmfic @aussian dis- 
bibution and the largest vohane of solid was given by particles of 
diameter of approximately 200 gm. The correstx~ding mean diam- 
eter of the particle was 202.8 Nn, which was in good agreement 
with the result provided by Amershant Phannacia Biotech. 
2. Equilibrium Adsorption Isotherm 

Equilibrium adsc~101ion isothenn experiments of Sb-ennline DEAE 
and DEAE-Sepharose Ft r were conducted at four different temper- 
atta-es ranging fi-c~n 15 ~ to 35 ~ The equilibritan adsozption per- 
fonnances of the two types of adsorbez~ could be described by the 
Langmuir type equation and the adsorption parameters are sum- 
marized in Table 1. It cat  be concluded fiont Table I that the disas- 
scciate constant Kd and maximum adsorption capacity q~ of Stream- 
line DEAE are similar to those ofDEAE-Sept~-ose FE The reason 
might be that both of the functional groups of the adsorbents are 
diethylaminoethyl, which results in a similar binding force and se- 
lectivity to BSA. Moreover, though the particle diameter of Stream- 
line DEAE is larger than that of DEAE-Sept~Dse Ft r (65-145 t-~n), 
the inert core in Streamline DEAE decreases the content of agar- 
ose, leading to a similar maximum adsorption capacity. Further- 
more, the value of Ks decreased with the increase in temperature 
while the q~ increased, indica~g that the adsolpLion performance 
on BSA of the two adsc~-bents is improved with the increase of tem- 
perature. 
3. Adsorption Kinetics 
3-1 Effect of Various Operatir~ Conditions on the Kinetic Adsorp- 
tion Performance 

Fig. 2 shows how the uptake curves varied with the chmge of 
initial concerm'ation. The effect of protein concenlration on the ad- 
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Fig. 2. The adsorption profile for BSA by the modified film and 
pore diffusion model at varied initial concentrations. 
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Fig. 3. The adsorption profile for BSA by the modified film and 

pore diffusion model at varied viscosities. 

sorption kinetics is ditficult to observe directly and is illuslrated by 
the kinetic model, which is discussed in the following sectioi1 Fig. 
3 shows the effect of solution viscosity on the idnetic adsorption 
performance. As shown in the graphs, the uptake curves become 
st~allower and require more ~ne to reach equilibrium as the solu- 
tion viscosity increases. However, as reported by Chase and Drea- 
gel- [Ch0~se and Dreagel; 1992], the in0ximum adsozption capacity 
was not affected by the change of viscosity because the final con- 
centmtion in the solution was the same under the different condi- 
tions. Fig. 4 shows the effect of temperature on the kinetic adsorp- 
tion performance. Based on the experimental data of equilibrium 
adsorption isotherms, it can be anticipated tint the uptake curves 
will become steeper with the increase in temperature. Moreover, 
the viscosity of the solution decreases and the movement of the pro- 
tein molecules increases with the increase in temperature, which 
improves the ~ansfer performance of the protein The experimen- 
tal data supports this assumption. 
3-2. The Simulation Results of the Two Models 

Two types of models, a kinetic constant model and a modified 
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Fig. 4. The adsorption proYfle for BSA by the modified film and 
pore diffusion model at varied temperatures. 

film and pore diffiJsion model (MFPDM), were used to simulate 
the uptake curves. For MFPDM, the adsorbent was divided into 
four sections. The average diameter for the four sections was 133.7 
t, un, 169.3 t, un, 203.3 t, un and 262.4 Nn, respectively, and the vol- 

ume Fercentage was 24.7%, 24.4%, 24.2%, and 26.6%, resFectively 
The value of liquid film mass transfer coettScient, k~ estimated by 
the colrelatic~l used by Horsbnan and Chase [Hc~-sbn~1 and Chase, 
1989] was not suitable for strealnline DEAE due to its particular 
s~ucmre. Therefore, in this paper, the value of k~was obtained by 
the regression of exp~im~ltal data. The fflichless of the agarose 
shell was assumed to be 60 grn in this study. The simulation re- 
sults are listed m Table 2. The kinetic constant parameter k~, the ef- 
fective pore diffixsivity Dp, and the liquid film transfer coefficient, 
k~ changed under various conditions. The reason the values of all 
three parameters were depei~tent on the operating conditions was 
that all the parametel~ were lumped constants because of a simpli- 
ficaticn of file models. The depe~Ktency of file three parameters on 
the operathg conditions was reported by Jotmston and Heam [John- 
ston and Hearn, 1990] and Horslrnann and Chase [Horstmann and 
Chase, 1989]. 

The comparisons of relative errors of simulation obtained by the 
modified film and pore diffusion model with those of the kinetic 
constant model are shown in Figs. 5, 6 and 7. As shown m these 
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Fig. 5. Comparison of calculated concentration of protein wilh ex- 
perimental data at varied initial concentrations. 
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Fig. 6. Comparison of calculated concentration of protein wilh ex- 
perimental data at varied viscosities. 

figures, the relative errors of the modified film and pore diffi~ion 
model (• are smaller than those of the kinetic constant model 
(• indicating that the modified film and pore diffixsion model 

Table 2. The parameters obtained by the regression of the two models 

Operation conditions D~ (• 10 v cm2/s) kj (• 106 cm/s) k~ (• 103 ml/mgs) 

Initial concentration (mg/ml) 

1.0 0.9 0.5 1.0 
1.5 0.8 0.7 0.96 

2.0 0.7 1.0 0.90 
Composition of glycerol (w/w) 

0 10Yo glycerol/buffer 0.65 0.3 0.92 
0 20 ~A glycerol/buffer 0.6 0.2 0.83 
0 30 Y0 glycerol/buffer 0.55 0.1 0.64 

Temperature (~ 

15 0.86 0.45 0.93 
20 0.9 0.5 1.0 

30 1 0.6 1.3 
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Fig. 8. Adsorption p~Fdes for BSA by DEAE S e p h a ~ s e  FF and 

S T R E A M L I N E  DEAE.  

can be more accut-ate in desclibing the kinetic adsolption perfor- 
mance of Streamline DEAE. 
3-3. Comparison of Kinetic Adsolption Perfomlance of Streamline 
DEAE and DEAE-Sepharose Ft r 

Fig. 8 shows the kinetic adsolption curves of Streamline DEAE 
and DEAE-Sept~-ose FE As shown in the figure, the uptake curves 
of both of the two adsorbents are the same at the initial adsorption 
stage, alfflough the difference becomes larger and larger as the ad- 
SOlptic~l time elapses. It can be explained as follows. The b-ansfer 
resistance is primaxily focused on the side of the liquid fllin at the 
initial stage and the liquid fihn Wansfer resistance dees not depend 
on the particle size or the structure of adsorbent, so there is no dJflbr- 
ence in the uptake curves at the beginning of the adsorption stage. 
However, at the final stage of adsolption, the main tt-ausfer resis- 
tance goveming the adsorption performance is pore diffusion; the 
diffusic~l distance in the Streamline DEAE is shorter than that in 
DEAE-Sepharose Ftr due to the inert core in Streamline DEAE. 
Therefore, Streamline DEAE is faster in reaching equilibrium than 
DEAE-Sepharose FF. Tt~ result indicates that Streamline DEAE 
can be used in high-flow-rate separation processes. 

C O N C L U S I O N S  

The aim of these investigations was to show the adsolption per- 
fommnce of Streamline adsorbent and to develop a mathematical 
model to describe the specific properties of this idnd of adsorbent. 
The equilibrium adsorption isotherm and adsolption kinetics of 
Streamline DEAE and DEAE-Sepharose Ft r were studied under 
different operating conditions. The adsc~ptic~l isottlemls for the two 
types of adsorbei~s were found to fit well to the Langmuir type ex- 
pression and the values of two l:~rameters, Kd and %, were very 
similar between1 the two types of adsorbents as shown in Table 1. 
The kinetic adsc~ption characteristics of Streamline DEAE at dif- 
ferent concei~-ations, temperatures, and viscosities were investi- 
gated and a mafflemafical model including particle size disttibutic~l 
was developed in order to describe the adsorption performance. The 
smltdation results indicated f l lat the model could better describe the 
kinetic adsorption performance. Further work is being undertaken 
on the adsorption performance in e~anded beds and the model de- 
veloped in ffais paper will be used to desclibe the adsc~ption per- 
formance in expanded beds. 

N O M E N C L A T U R E  

C(0 : liquid phase concentration at the time t [mg/inl] 
Co : initial liquid phase concentration [mg/ml] 
C~ : liquid phase concentration [mg/ml] 
C, : point concentration of liquid inside particle [mg/inl] 
Dp : effective particle diffusion coefficient [cm2/s] 
kl : forward rate constant for surface reaction [ml/ing. s] 
lcl : reverse rate constant for surface reaction constant [s ~] 
Kd : disassociation constant [mg/ml] 
k/ : liquid film mass transfer coefficient [cm/s] 
c b : point concentration of solute m the absorbent [ing/ml] 
q~ : maximal protein concentration in the absorbent [mg/ml] 
Rj : particle radius of  the fractionj [cm] 
r : radial co-ordinate [cm] 
r0j : particle radius of  inert core of file fraction j [cm] 
t :time [s] 
V : volume of liquid [ml] 

G r e e k  Let ters  

8 : thickness of agarose shell [cm] 
~p : particle porosity 
v, : volume of adsorbent of  the fractionj [ml] 
"c : dimensionless time Dpt/cl 2 
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