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BIOPRODUCT ADSORPTION IN IMMOBILIZED ADSORBENT: 
LOCAL THERMODYNAMIC EQUILIBRIUM MODEL 
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(Recewed 18 June 1990~ 9 Jitlv 1990) 

Abstract--A mathematical model using local thernlodynamic equilibrium is,.;Iherm.s for adsorption on 
inm/obitized adsorbents is proposed ip. order to optimize tile design parameters in in situ bioproducl separa- 
tion process. The model accurately h;Iows the experimental data or, the adsorptior~ of berberine, secondary 
me{abolile produced in plant cell culture. The resuh shu,,vs that the lower loading capacity in immobiIized 
adsorbents is due to the decrease in the maximunl solid phase concentration and the isotherm equilibriuln 
constant, not the effective diffusivity. Design parameters ii! ht s fu  bioproduct separation process, such as the 
size of the beads, the ratio of beads to bulk v,:;lume and the adsorbent content of the bead, are evaluated by 
using the model. The decrease of be~d size is the must effective parameter for adsorption of berberine in 
immobilized adsorbenl due to a redu:'thm in ~he overall dJffusional resistance. 

INTRODUCTION 

To enhance process economics througl] improve- 
ments in the primary recovery stages, it is necessary to 
develop a separation technique which can concentrate 
the bioproduct, often with some degree ,d selectivity 
for the product of interest, and be economical from 
both capital and operation cost standpoints in large 
scale cell culture. In addition to the above mentioned 
advantages, product separation can enhance tile pro- 
duction of secondary, metabo]ites by removing feed- 
back regulation mechanisms and nonspecific inhibi- 
tars in plant cell culture [1,2]. For m sl~'u produd 
separation of plant cell culture, liquid-solid culture 
systems for plant cells consisting of an aqueous 
nulrient phase and of solid polar adsorbents, have 
been preferred because many products of plant (:ells 
are expected to be of polar character and bound weak- 
ly to the lipophilic phase of liquid-liquid systems. 
1"he differences in acid-base properties and sorption 
characteristics of alkaloids further offers the potential 
for selectively absorbing specific alkal,~ids from a 
mixture [3]. 

Polycarboxylic ester resin, XAD-7, was, investigated 
to adsorb berberine, secondary metabolite from immo- 
bilized 71 rugosum cells, secreted in permeabilizatkm 
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process and immobilized XAD-7 was developed for hi 
situ producl separation process in an airlift fermenler 
[4]. The advantages of immobilized XAD-7 were easy 
to use in bioreactor operation, prevention of surface 
fouling, and easy separation of adsorbents from cells 
for tile repeated use of cells and adsorbents [4}. The 
adsorption of bioproducl on immobilized adsorbenl 
was dependent on a number of desigl~ parameters. 
The performance of tile imlnobilized adsorbent ill ill 

situ product separation process could be evaluated by 
judging the adsorption rate for target product. The ad- 
sorpti~m behawor of bioproduct was cvnlrolled by 
various diffusional resistances in addition to intrip.sic 
binding characteristics of the free adsorbent particles. 
Diffusiona] characteristics were influenced by design 
parameters such as size of beads, adsorbent conten.I of 

bead, amount of beads to bulk volume and the type of 
hydrugeI used. 

The design and optimization of in situ bioproducl 
separation process using immobilized adsorbent re- 
quired a detailed mathematical model. Because tile 
effects of various design parameters and process 
variables were coupled, it was relatively difficult to 
achieve an optimal design based on purely emperical 
correlations. In tMs study, development of a mathe- 
matical model to describe diffusion and adsorption in 
immobilized adsorbenl is investigated. The purpose at 
this study is to investigate the feasibility of using a 
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mathematical mudel for an optimal design on biopru- 
duct separation using immobilized adsorbents. 

Mathematical models for immobilized adsorbeuts 
have beer: investigated by using simple Langmuir or 
Freu>dlich isotherm and solved by finite difference 
technique with assumed effective diffosivity of solute 
in XAD-4 adsorbent for cyclohexamide adsorption sys- 
tem [5] and in DEAE-trisacryl adsorbent fc, r enzyme 
adsorption system [6]. The local thermodynamic equi- 
librium model could predict the adsorbed enzyme 
amount in suspended porous supports, Duolite S-761, 
more accurately than other models [7]. Since diffusion 
through the pores of the carrier or adsorbent occurs far 
slower than adsorption, the assumption that all poinls 
within, the carrier or adsorbent remain in local thermo- 
dynamic equilibrium can be permitted. Orthogonal 
collocation technique was clearly superior to solve the 
equations for adsorption colunm system than finite 
difference technique which was found to be stable 
only lor certain parameter values and conw~rged very 
slowly [8]. In this work, the model equations are 
developed based on reversible binding with local ther- 
modynamic equilibrium assumptions for adsorptiot~ of 
bioproduct on immobilized adsorbents. The model 
equations are solved by orthogonal collocation tech- 
nique with parameter estimation to minimize com- 
putational effort and to develop some simple lump- 
ed approximations easily. Results are compared with ex- 
perimental data using berberine as a target biopro- 
duct and alginate-entrapped XAD-7 as immobilized ad- 
sorbents. Design parameters for an optimal design of in 
situ bioproduct separation process are evaluated with 
the proposed model. 

MATERIAL AND METHODS 

1. Materials 
Berberine standards were supplied by Eastman 

Kodak company (Rochester, NY). The neutral poly- 
meric resin, XAD-7 was obtained from Supelco Inc. 
(Bellefonte, PA). All other reagents were analytical 
grade and purchased from Fisher Scientific (Rochester, 
NY). 
2. Preparation of  adsorbent  

Prior to use, the resins, XAD-7, were soaked in 
methanol for 24 hour and then washed with 2 liter 
distilled water. The washed resins were air dried on 
the filter paper by pulling a vacuum in the filter flask. 
Sieve the resin through the nylon nets (mesh size: 250 
,urn and 500 ,urn) to get suitable size distrib~ation. 
3. Immobi l ized adsorbent  

The neutral resin, XAD-7, was sieved through the 
nylon nets (mesh size: 250#m and 500/~m). 2g alginic 

i-~ Hydrogel matrix 

~Ch 

a u : ava i lab le  area for  adsorp l ioc  

C I : pore  concen t ra t ion  

C~ : surface concerHratio,'., 

e s : porosity '  of  ads . rben r  

D h : diffusivity in hydrogel 
C O : initial bulk concentration 

Fig. I. Schematic diagram of an immobilized adsorb- 
ent. 

acid IV was dissolved in water (98 m/) by heating 
under stirring. XAD-7 20g is mixed with alginate solu- 
tion (80g) at room temperature. Alginate beads of 4.35 
mm in diameter were made by dropping alginate/resin 
suspension into 1% CaCI 2 solution under continuous 
stirring. The beads were allowed to form for 30 rain 
and then collected by filtration. Beads were washed 
with distilled water and then were autoclaved in 0.5 % 
CaC] 2 solution to maintain the integrity for 15 rain at 
121 ~ The sterilized beads were stored in sterilized 
water. 
4. Adsorber  unit 

A 500 ml slow speed stirring vessel system, (Corn- 
ing Co., Coming, NY) was used for a adsorber unit. 
The working volumes for immobilized adsorbent test 
were 200 ml at 180 agitation rpm. Experiments were 
conducted by distributing solution of known berberine 
concentration into adsorber unit. Immobilized resin was 
added to the adsorber unit. Sample solution was taken 
from the adsorber unit by the pipet with the cotton filter 
at various time throughout the experiments. After 
measuring the UV absorbance of sample solution at 265 
am with a Gilford spectrophotometer, Stasar II Model, 
che sample solution returned to the adsorber unit. Ab- 
sorbance was converted into berberine concentration 
with a standard curve of berberine concentration versus 
absorbance. All experiments were conducted at 20~ 

THEORETICAL MODEL 

1. Model equations 
The physical system and the associated notation 

are depicted in Figure 1. The assumption for mathe- 
matical model are as follows: 

�9 Adsorbent particle and hydrogel are sphere. 
�9 Adsorbent particles are distributed uniformly in- 

side the hydrogel bead. 
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�9 Each diffusivity in the hydrogel and adsorbent 
particles is constant. 

Volume averaged homogeneous conservation equa- 
tion for product adsorption in the adsorbent particle 
is 

OC, D 1 a r ~aC,'l 
a t  , ff ~ [ . r  a~-J  (1) 

where C T is the total product concentration in the ad- 
sorbent particle, given by 

Cr-C~§ (2) 

where C / and C s are the liquid (pore) and solid (sur- 
face) phase concentrations, respectively, and a,~ is 
the solid area available for product adsorption per unil 
volume. The product diffusivity in the adsorbent is D l, 
the void fraction is < and the parameter m is 

m = -- (3) 
E" s 

Volume averaged homogeneous conservation equa- 
tion for the hydrogel is 

I),, a IR2aCh' ]  3N=D, ro ~ OC, aCh 
R' O-R O R - J -  R~ a r  at  (4) 

where C a is the product concentration and D,~ is lhe 
product diffusivity in the hydrogel. And N.,; is the total 
number of adsorbent particle per hydrogel bead. 

Since the bath (bulk) phases is finite, the product 
depletion in bulk phase is 

aC -4JrNhRo2Dh aCh (5) 
at v= a - F  ..=o 

where V~ is the bath volume. The concentration of 
product in the bath, C is the only observable depend- 
ent variable under typical experimental conditions. 
N h is the total number of hydrogel bead iF the bath. 

The initial conditions at time (t -O) are 

C h = C , = C = = C ~ = 0  (6) 

C=Co.  (7) 

The associated boundary conditions are 

aC,, 
R=O;  ~K-=0 

R=Ro;  Ch=C 

(8) 

(9) 

OC, r=0; ~ - = 0  (t0) 

r=ro ;  C~ : C h .  (11) 

these  equations are supplemented by an equilib- 
rium relation for solid-phase and local liquid phase 

concentrations. Langmuir adsorption isotherm is 
chosen [4] 

C= C=~ C, 
K = + C [  (12) 

The isotherm parameters C~,,, and K S are function uf 
the supporl material as well as bioproduct. If lhe local 
thermodynamic equilibrium is relaxed, the above 
equation is replaced by 

dC= 
dt ka (C~  - C~) C, - k~ C.~ (13) 

that must be solved for all local values of C v The 
equilibrium parameter K~= k J k  a and eq. (12)is recov- 
ered if local equilibrium is assumed so that the surface 
concentration tracks the local liquid phase cov.cenlra- 
tion. Furthermore, if external diffusion is important, 
then eq. (10) becomes 

aC,, 
Dh O R  . . . .  = -kL (Ch-C) (14) 

where k t is the mass transfer coefficient. 
In dimensionless form, eqs. (1) to (11) are reduced 

to 

ar i i ( ~ a r  
. r ' ( r  ~ -k , ; -  ~-] 15) 

where 

F ( r  = l + m  r  l + m d r  (16) 
(~o+ r de, 

1 1 / , 0 r  ~N / w - I O r  1 OCh 
z'aTt, z D%-) fl a 0  

a 0  -3f iN= ar (18) 
O0 = ~ z=~ 

Tim initial conditions become 

r (0, ~ ) = 0  (19) 

r (o, z) = o (2o) 

r (0) = 1. (21) 

The boundary condition become 

1r I ~ _ , = r  (22) 

a r  
3 Y ,  _o =0 123) 

IChlz=,  = 1  (24) 

a r  
OX z=o=0" (25) 

The dimensionless variables ~b are introduced by 
normalizing the corresponding concentration C to the 
initial concentration C o . The other dimensionless groups 
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are defined as 

D,,t 
rg 
r 

ro  

R Z--~  

N~ = N~4/3~r R~ 
V,  

r~ 

Ro 

NhVH 
= % 

(26) 

127 

(28) 

(29) 

(at)) 

where V H is the total volume of hydroge[ bead. 
The dimensionless groups (of parameters that de- 

fine the particular problems are 

D, 
a - - -  (31/ D,, 

C.,,, a,  
mr = m  C-o (32) 

K.  
o., = Co " (33 

The parameters to be estimated are D/, C,~,,, and K.~. 
The model is reduced to the functional form 4> ~(R ; 
a,m~sm, w). 
2. N u m e r i c a l  t e c h n i q u e s  

For immobilized adsorbent, it is convenienl t() 
intrvduce the transformation ~'-{:~ and 1F X 2 t(> 
eliminate eq. (23) and eq. (25), and the two-puint 
nature of the bocmdary conditions. Thus. the govem-- 
ing equations are further reduced to 

ar 
a ~  = _ 6.8 N,, (32) 

3~, =ai OG 4 a'~, 

O ~  1 O~ L 3~a  
6 N . a . ~ / f f  - ~ -  ~-:, 4 fl a e  6a~ 

+ . .  3 ' ~ h  
4 g - ~ T  (34) 

and the boundary conditions given in eqs. (19), (20), 
(21), (22) and (24). These equations may be solved using 
the method of orthogonal collocation [9]. 

For the product concentration in the adsorbent par.- 
tic[e, let 

- - - - =  &',l 
a ~ , ,  Z A,, ,/,,, (35) 

N + I  

O:'r = Z B,, r (36) 

be approxinlatiot~s Io the corresponding deriva{ives al 
the locations ~, that are the roots of an Nth-order Jacobi 
polynominah The semidiscretization elements .Aq and 
B,: that are used to approximate the first and secoud 
derivatives, respectively, depend (m particula: poly- 
nominal used. 

For the porduct concentration in the hydrogel bead, 
let 

be approximations to the correspunding derivatives al 
the location ~, that are the roots of an Mth-order Jacobi 
polynominal. The semidiscretization elements C~ and 
D.q that are used to approximate the first and second 
derivatives, respectively, depend r particular pulym~- 
mina] used. 

The evaluation of these elements (A,:, B,:, Cvq and 
D~) and the underlying theoretical support for the meth- 
od can be found in Vi]ladsen and Michelsen [9] who 
also provides st.broutine listings that used in this 
study. The boundary condition for the adsorbent par- 
ticle is 'kJ.N+l =r >,'here N is the number of internal 
collocation points that corresponds to a particular Nth- 
order polynominal approximation. The boundary con- 
dition for the hydrogel beads is 4h.g+ t = ~ where M is 
the number of internal collocation points the cor- 
responds to a particular Mth-order polynominal ap- 
pruximation. Since the boundary conditions for Ihe 
adsorbent particle and hydroget beads are coupled, tile 
boundary condition for the hydrogel beads can be ex- 
pressed as r =~h.M+ 1 = ( ~/,N+ J)M+ 1" Substituting the 
above relationships into a diffusion equations yield a 
set of first-order differential equations: 

F(G)Z~:~ E . r  i - -1 ,2 . - - . ,N  (39) d0 

where 

E .  =4~" i B.  + 6 A ,  (4(I) 

N+I 1 d ( ~ | ,  ~'+1) q 
6N" a v/~-~o, A" Oh' 4,8 d0 

M+I 
Z F , q ( ~  ..... )q; i = l - - N  and p = I - - M  (41) 
q=l 

where 
F~q =41g~C.~+6D~ (42) 

84 d~  . . . . .  d(~i,,,,+,) M +, 
80  dO d8 

M + I  

-6 f lNRE C,~ (4, ..... )~ (43) 
q=l 
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Fig. 12. Experimental (circle) and theoretical (solid line) results  for adsorption of berberine on immobilized 

adsorbents at two different initial berberine concentration (a) 40 mg/L (b) 60 mg/L. 

that are easily integrated by an explicit Runge-Kutla 
type method (1i)) or similar technique wilh the initial 
conditions Oh(0)~ 0, Ohp(0)~ 0 and ~(0)= 1. 
3. P a r a m e t e r  e s t i m a t i o n  

Under the conditions where the relative volumes 
are known and the diffusion coefficient in hydrogel 
can be estimated a priori, the parameters to work 
with are a, mr and w. The diffusion coefficient of 
berberine in hydrogel bead, alginate in this experl- 
merit, is estimated using the method described by 
Tanaka et al. [11]. Dh=2.831x10-1cm2/min is ob- 
tained for diffusion of berberine into alginate bead [4]. 

The solution to eqs. (39), (41) and (43) depends or~. 
the choice of N and the Jacobi polynominal used fur 
the basic functions. The Jacobi polynominat used in 
all numerical approximations is characterized by the 
weighting factor ~N/2(1-~') over the interval () < ~r<l and 
~1/2 (1-~) over the interval 0<~'<1.  N=4 for the ad- 
sorbent particle and M = 4 for the hydrogel beads are 
chosen as the number of internal collocation points, 
which represent a compromise between extreme ac- 
curacy and computational speed. 

]'he experimental data, C vs. g ,  are compared 
to the model predictio,;s by choosing parameters a, 
m ~ ,  o) that give a best fit of the model to the data. A 
nonlinear parameter estimalion technique is used [12, 
13] that uses a weighting factor for the residuals pro- 
portional to r so that the information near equili- 

Table I. Experimental values in simulation for the 
adsorption of berberine on immobilized ad. 
sorbents  

r o -0.025 cm Ro~0.435 cm 
cs " 0.532 a~, = 445 m2/g XAD-7 
N h ~ 377 N s 356 
D h 2.831 x 10 4 cm2/min 
C o ,60mg/L V B:200mL 

brium conditions is highlightened. 

RESULTS A N D  DISCUSSION 

1. B e r b e r l n e  a d s o r p t i o n  
For the immobilized adsorbent, the experimental 

concentration-time curves for berberine adsorption are 
shown in Figure 2 for two different initial berberi~e 
concentrations. Table 1 shows the experimental val- 
ues to be used for simulation. Void fraction, es, and 
available surface area, a,,, for XAD-7 was reported by 
Paleos [14]. The experimental data shown were used 
in the parameter estimation routine to find isotherm 
parameters and diffusivity coefficient of bertz~rine in 
the adsorbent particle, which decide the loading ca- 
pacity in immobilized adsorbents. The model results 
with these estimates are shown as smooth, solid curve 
in Figure 2. The corresponding estimates of parame- 
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Fig. 3. B e r b e r i n e  c o n c e n t r a t i o n  prof i le  in i m m o b i l i z e d  a d s o r b e n t s  at two di f ferent  initial  b e r b e r i n e  con- 
centrat ion  and at f ive di f ferent  t imes  (a) 4 0  mg/L (b) 60  mg/L. 

ters are found to be 

C~,,, =0 .  267!) g / L  (441 

K~.=O. ,1099 g / L  (~5) 

D~ = 7.7!)6 ~ 10- '  cm~/min .  (46) 

The average currelati~m, coefficient for all curves are 

r 0.988. The average correlation between paramelers  

is found to be 0.2411, which means  that resulting pa- 

rameters  are reliable due to low correlation coefficient 
linking. It is seen that the model  is quite consisteut 

over the range of initial berber ine  concenlrat ions  in- 

vestigated and is able to approximate  all the experi- 
mental  data fairly well. 

The intraparticle berber ine  concentrat ions  have 

been calculated using the estimated model parameters  
and the results are shown in Figure 3 tot t,a,u different 

initial berber ine concentrat ions  at the five different 

times. The solid curves represent  the dependent  
variable used in the model that is approximated by a 
polynomial  in X and ~. As t ime increased,  the pene- 

tration distance of berber ine  increased because ber- 
ber ine adsorption onto the adsorbent  particle near  the 

surface become equilibriated. It is also seen Ihal a 
parabolic profile would be good approximation.  

For the suspended  adsorbent ,  the same  technique 

is used [4] and the corresponding estimates of param- 

eters are found to be 

C8,,, 1. 3830 g / L  {47/ 

1.6" 

t.4- 
c.. 
~5 1.2 

l.0 

.0.8 

~ 0.6 

N 0.4 

0.2 

0.0 

Suspended XAD-7 

' / t  

5 10 15 20 
Liquid (pore) phase cunc. (C/) 

Fig. 4. Adsorpt ion  i s o t h e r m  for the sol id  (pore) 

p h a s e  and local  l iquid (surface)  p h a s e  con- 
centrat ion  is s u s p e n d e d  and immobi l i zed  ad- 
s o r b e n t s .  

K s -  1. 8700 a/l_, (48] 

D~ 9. 603•  10 Scm2/min .  149) 

Figure 4 shows  the adsorption isotherm curve with 
the est imated solid (pore) phase and local liquid 

(surface) phase  cuncentrat ion in suspended  and hnm()- 

bilized adsorbent .  Though the effective diffusivity in 
immobil ized adsorbent  particle decreases  19% cure- 
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Fig, 5. Simulated bulk concentration profiles for 
the adsorption of berberine on immobilized 
adsorbents by changing the size of bead. 

pared h, thai in suspended adsorbent particle, tilt, 
maxinmm solid phase cum:ep.lratio~ and tile i s u l i l e t l l l  

equilibrium constant in immobilized adsorbent parti- 
cle decreased 81% and 78%, respectively, compared lu 

those in suspel~ded adsorbent particle. Tile reas,.Jl! h,r 
this miglll be Ibat surface of adsorbents is deaclh:aled 
or available surface area (of adsorbents decreased by 
Ill(! adscJrption of iop.s or.t,.) adsorbent during inuuo- 

bilization process. 'File decrease of effective diffusivily 
might be due to the filling of alginate solution in 
the pore of adsorbent particle during immobilization 
process. "]'hese results suggest that the decrease t)l 
loading capacity in immobilized adsorbent partich is 
due to decrease of the nlaximunl solid phase omceJ> 
tralion and tile isotherm equil ibrium cunstap.t <,~ 
surface, nol of the effecliw ~ diffusivity. ]-bus. the pr,>- 
posed malheinaiical rm.,del for inlmobilized adsorbei~t 
is useful to evaluate the diffusion and adsorption of 
bioproduct which decide Ihe perforulance of bic>pro- 
duct separation. 
2. S imula t ion  s tu d i e s  for  inves t i ga t ing  the  
d i s i gn  p a r a m e t e r s  

The proposed mathematical model for imn~obi- 
lized adsorbent can describe the various diffusional 
characteristics in addition to intrinsic binding char- 
acteristics of the immobilized adsorbent particles. 

1.0 

0.8" 

0 . 6  - 

t).-I - 

02 

t ) . O  

1• a ~I{ [).2 l l l l i l  

l\k b 717 D,'I mill 

} k  ~ c V/,>=0.6 ...... 

' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' 

2{} Io I;(l <S(I lu l l  /2t i  

"Finie (INN,} 

Fig. 6. Simulated bulk concentration profiles for 
the adsorption of berberiue on immobilized 
adsorbents by changing the volume ratio of 
bead to bulk solution. 

Tile perf{Jrtrlance of an innnobdized adscel)enl ii~ m 
.wtu producl separation process can be evalualed l)~ 
using the proposed nlodel f~)r tile adsorplhm rale hJl 
target prodtlct, berberine in this experirne[H. The per- 
formance tJf imir~obilized adsorbenls is iiffluenced Iw 
design paramelers such as size uf beads, alnoul?l tA 
beads Io bulk volume ap.d adsorbent (:ovdenl of bead. 

The size of algmale entrapped adsorbeiH bead, k,,, 
can. be varied by usip.g a differeut nozzle or air fluv, 
rate during imrnobilizatiol~ process. Tile balches c.,f 
alginale-enlrapped adsorbent beads prepared using 
ibis methodology only vary in size but have sinlilar 
properties of diffusion ap.d adsorption. But time uf 
adsorptiop, usip.g immobilized adsurbenl can be reduc- 
ed by reducing the size of beads. Figure 5 shrews tile 
simulatiop, curves indicatip.g tilt? effect of bead size o~ 
adsorption kinetics in immobilized adsorbent. The 
decrease in the size of immobilized adsorbent bead 
speeds up the binding kinetics significantly. However, 
in the practical design the size of bead can be reduced 
only upot~, a certain thuit because the loadip.g Ltuniber 
of adsorbent particles decreases as bead size decreases. 
to make very small bead is very difficult process if size 
of tile adsorbent particle is not very small, and tuu 
small beads are difficu[l to handle and to be separaled 
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Plg. 7, Simulated bulk concentra t ion  prof i l es  for 

the adsorpt ion  of berber ine  on immobi l i zed  
a d s o r b e n t s  by c h a n g i n g  the a d s o r b e n t  con- 

tent per  bead.  

frt>l-n cullure mediuln. The optimization of bead size 
will depend upon specific size of adsol[mnl and ino - 
cess conditions. 

To increase the amount uf immobilized adsorbenl 
beads used per unit vulume of cuhure medium can 
enhan.ce the adsorption kinetics. Figure 6 shows Ihe 
simulation curves indicating the effect of changing Ihe 
volume ratio of bead lu bulk sohJtion, V,~>, up. li]e 
adsurplion kinetics. The larger value \;e iniplies Ihe 
increase of adsorption at the equilibrium. Huwever, as 
Vg increases, extent of the effect of V n on adsorption 
kinetics decreases. The value of Vg can be increased 
only up tu a certain limit due to maintain appropriate 
processing conditions and concentration fac ors. 

B~, increasing the adsorbent contents per bead, N~, 
amount of adsorbent used per unit volume of culture 
mediun~ can be increased with enhancing the binding 
capacity uf beads. Figure 7 shows the simulati<Jn 
curves indicating the effect of adsorbent content on Ihe 
adsorption kinetics. The larger value N s implies Ihe 
increase of the overall adsorption. However, al very 
large N~ extent of the effect of N~ on adsorption 
kinetics decreases. In terms of magnitude, the amount 
of increase is slightly lower compared to the previous 
strategies of changing R~, and V R. The value of N~ can 
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Fig. ~. Compar i son  of three  s t ra teg i e s  for the ad- 

sorpt ion of berber ine  on immobi l ized adsorb-  
ents ,  

(a) R. 0.435 nun, VR: 0.6499, N~ 339 (Experi- 
mental condition). (b) R o -0.200 ram, V k-  0.6499, 
N~=339 (R o change), (c) Ro=0.435 ram. VR= 
1.0000, N~ =339, (V g change), (d) R. =0.435 mm, 
V R = 0.6499, N~ - 500 (N s change) 

be increased unly up to a certain limit because me- 
chanical strength of bead decreases and operational 
difficulty increases in manufacturing increases as N s 

increases. 
Figure 8 shows a coniparison among the mt.nliu~> 

ed three strategies Adsorption curve referred as (a) is 
the experinlenta] result. Adsorption curves for the 
decrease of R., and increase of V R and N~ are (b), (c) 
and (d) compared to the experimental condition (a), 
The kinetic adsorption of berberine is enhanced by 
using every strategies in terms of rate and the capacilv 
compare to the experimental case. The highesl ber- 
berine adsorption is observed in set (b), decrease ,of R.. 
This result suggests that the decrease of bead size is 
compared to the experimental case, The highest ber- 
berine in immobilized adsorbent due to reduction uf 
diffusiona] resistance. However, the size of bead can 
be decreased only up to a certain limit in practical 
operation�9 

Thus, the proposed mathematical model for immo- 
bilized adsorbent can be used for an optimal design on 
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biopmduct separation by evaluating the design param- 
eters Since the optimization of design parameters 
depends OI! specific process cundilion, it i'; relalivelv 
difficult to achieve an opthnal design based on purely 
emperical correlations. The proposed n~athemalical 
model can optimize the design parameters in various 
proc~Sss c~JP.dilh~ns. Whei! there are one or Inure! 
conlpuunds presem i n  Ihe fermentation broth which 
may COlnpele for the adsorplkm sile in the adsurl)enl 
parlicle, the proposed model can be used to, Ol:,tinlb:<, 
the design parameters to maximize the purty of desir,- 
ed product by introducing adsorption rate constants of 
various products. 
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NOMENCLATURE 

a v 
A,). B,j : 
C : 
C O : 
C h : 
C / : 

C s 

C sm : 

C T : 

C,j, 1),/: 
D I : 

Dh 

E,j, F,j 
1,1 
ko, kd 

kL 
K~ 
ITI : 

M : 

N : 

N h : 

solid adsorption area/unit volume [cm2/cm 3] 
discretization elements for the derivation 
bulk concentration of solute ring/roLl 
initial bulk concentration ring/roLl 
concentration in the hydrogel bead ring/roLl 
liquid (pore) phase concentration in the ad- 
sorbent particle ring/roLl 
solid (surface) concentration in the adsorbent 
particle [mg/mL] 
maximum solid phase concentration of solute 
[mgfmL} 
total concentration in the adsorbent particle 
[mgfmL] 
discretization elements for the derivation 
effective diffusivity in the adsorbent particle 
Icm21min] 
effective diffusivity in the hydroget bead 
[cm2/min] 
discretization elements for the derivation 
counting indexes 
adsorption, desorption rate constants [mgl 
mL/s, s -1] 
mass transfer coefficient [cm/s] 
isotherm equilibrium constant Img/mL] 
parameter equal to (1-%)/% 
number of internal collocation points in the 
hydrogel bead 
number of internal collocation points in the 
adsorbent particle 
total number of the hydrogel be.ad per the 

NR 

h s  

P ,q  
T 

r o 

R 
Ro 
t 

V8 
VH 

bulk volume 
capacity factor for the immobilized adsorbent 
bead [ - NhVH/VB] 
total number of the adsorbent particle per the 
hydrogel beads 
counting indexes 
radial coordinates in the adsorbent particle 
[cm] 
radius of the adsorbent particle [cm] 
radial courdintes in the hydrogel bead [cm] 
radius of the hydrogel bead {cm] 
time [rain] 
bulk liquid volume {mL] 
total volume of the hydrogel bead [mL] 
volume ratio of the hydrogel bead to the bulk 
liquid volume 

Greek  Letters  

F 

fl 

,E s 

e 

dimensionless bath isotherm defined by eq. 
(16) 
dimensionless parameter for effective diffusi- 
vity [ = F)JDj  
d i m e n s i o n l e s s  pa r ame te r  for d i s tance  
[ = r f ~  R,, 2] 
dimensionless radial coordinates in the by_ 
drogel bead [ - R/Ro] 
solid void fraction in the adsorbent particle 
dimensionless solute concentration [C/Col 
dimensionless time for the immobilized ad- 
sorbent bead {= Dht/Ro21 
dimensionless isotherm parameter [= K,/C,,] 
dimensionless radial coordinates in the ad- 
sorbent particle [ - r/r,,] 
transformed coordinates [-X 2] 
transformed coordinates [ = ~2] 
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