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Abstract

The General Rate model has been developed and solved to describe protein adsorption in an expanded bed. The model takes into account axi
and local variation of particle size distribution (PSD), external and intra-particle mass transfer resistances, and dispersion in liquié phase. Th
influence of PSD on breakthrough profiles has been analysed. The simulation results show that for a significantly high expanded bed the lower
part of the breakthrough curve profiles, calculated for local particle size distribution (LPSD) and for axial average particle size distribution
(APSD) are very similar. However, the upper part of breakthrough profiles calculated for LPSD approaches inlet concentration much more
slowly than those calculated for APSD. The retention times of the lower part of uptake curves calculated with average particle diameter are
constantly shorter than those obtained from LPSD. For the calculation of the dynamic capacity (DC), the LPSD can be replaced by APSD for
large expanded bed heights. Using breakthrough profiles calculated for average particle size, DC values are constantly underestimated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction such velocities as to attain typically a two-fold expansion of

the bed in comparison with the settled bed height, thereby

The production of proteins by using yeast or bacteria cells increasing interstitial bed voidage. To minimize axial dis-
has become a very common technique for the preparation ofpersion, mono-disperse adsorbent particles are not generally
pharmaceuticals. The feedstocks from which proteins are pre-used. The larger particles are located close to the bottom of
pared are generally complex, containing solid and dissolvedthe bed and the smaller particles are distributed towards the
biomass of various sizes and molecular mass. One of thetop. If particles have the appropriate size distribution, classi-
most efficient methods for protein separation from the culti- fication leads to layers of particles and reduced mixing in the
vation broth is expanded bed adsorption (EBA) [1,2]. Highly column.
efficient packed bed columns are not suitable for process- The EBA process is very long and frequently takes sev-
ing feedstocks with suspended biomass, as particles becomeral hours. This is because experimental investigations of the
trapped in the voids of the column bed. This results in the influence of operating conditions and process parameters of
formation of a plug of trapped solids that finally leads to a protein recovery efficiency is very time consuming and ex-
complete blockage of the column. To avoid column blockage, pensive. Numerical models are therefore used to provide a
the fluidized bed technique was adopted. The upper columnfundamental understanding of the process and to establish
adapter was removed and the mobile phase was pumped wittoptimum separation conditions.
One of the most sophisticated models, the General Rate

* Corresponding author. Tel.; +48 17 865 1295; fax: +48 17 854 3655. model, has recently been used by Wright and Glasser [3]
E-mail addresskkaczmarski@prz.rzeszow.pl (K. Kaczmarski). and Tong et al. [4] and Chen et al. [5] to interpret their ex-
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perimental data and to carry out parametric analysis. In this 2. Theory

model, mobile phase dispersion, solid phase dispersion, ex-

ternal and internal mass transfer resistances have been takeR.1. Particle size distribution
into account, but particle size distribution has been ignored.

As statedinthe papersreferred to above, aconstant particle For the widely used commercial adsorbent particles in
diameter has been assumed. However, particles with differentEBA, such as Streamline particles, distribution of particle
sizes or with different sizes and different densities are useddensity is nearly uniform compared with that of particle size.
in the EBA process. Therefore, variations of particle densities in different column

In a recent paper, Tong at al. [6] solved the EBA model positions are ignored and only variations of particle size dis-
while taking into account axial average particle size distribu- tribution will be considered here. The function of volume
tion (APSD), but still ignoring the axial bed porosity distri-  particle size distribution for Streamline particles is approxi-

bution. mately expressed by normal Gaussian distribution [11]:
In our previous paper [7], the more sophisticated EBA )

model was analyzed. The model takes into account all possi- . .y _ 1 exp( - (d —dp) (1)

ble changes of parameters defined as a function of axial bedf V2Ios 202

porosity distribution and axial particle size distribution. In ad- _
dition, breakthrough profiles obtained for local particle size Wheredp andos are the averaged diameter of the bulk ad-
distribution identical with manufactured PSD (called below Sorbent and standard deviation of the particles. Since there
bulk particle size distribution—BPSD) were analyzed. Such @ré no particles in the size rangedifimin or d)dmax, Eq. (1)
particle size distributions were observed by Tong and Sun [8] Nas been modified along the lines suggested by Yun et al.
for 6AS beads. [11]:

Simulations presented in [7] prove that the use of high ) 1 1
settled beds is very efficient for the EBA process, which thus = drin o0
becomes less sensitive to experimental perturbations. These 1-J “oof1(d)dd — / dmaxf 1(d)od V2los
also confirm the conclusions already obtained previously ( (d— dp)2>

x exp| —

with simpler models which state that dynamic capacity g2 (2
(DC) mainly depends on internal mass transfer resistances. s

The external_ mass tra_nsfer, _axial quuic_l-phase dispersion Eq. (2) fulfils the following condition:

and axial solid-phase dispersion have minor effects on DC.

Moreover, it was proved that axial bed porosity distribu- [ max Nod = 1 3
tion can be replaced by its average value with negligible din S(d)éd = ®)
errors.

For columns with BPSD, the slow approach of the plateau In this research, it has been assumed that function (_2) can
concentration for breakthrough profiles was observed. Fi- P& used for calculation of PSD at each column level if the
nally, it has to be noted that previous authors, see Rasmusorf\vérage particle diameter is replaced by axial average particle
[9] and recently Carta and Ubiera [10] have also studies Siz€ distributiortp(x).
the effects of particle-size distribution on the shape of  For Streamline particles, Tong and Sun [8] have found that
breakthrough curves in packed beds. These works could pethe axial average part.lcle size distribution can be expressed
identified in their approach to what we have called the BPSD PY the following equation:
simulations i.e. an ide_ntical PSD_regarding.axiql position. dp(x) = dp(1.21+ 0.46X) (4)

The work of Carta confirms that, with irreversible isotherms,

BPSD simulations “yield breakthrough curves that approach whereX=x/H is a dimensionless column length referenced
saturation much more gradually than predicted using the to the expanded bed heiglt,

average particle radius” [10]. The average particle size distribution expressed by Eq.

However, for most adsorbents, the local particle size distri- (4) will from now on be referred to as axial particle size
bution (LPSD) is different at different column levels in EBA  distribution.

[8,11]. After introduction ofdy(x) into Eq. (1), the particle size

The aim of this work is the comparison of breakthrough distribution at each column level can be obtained. Calculated
profiles obtained for APSD, LPSD and for average particle particle size distribution from Eq. (1) and (4) will be called
diameter (APD). The results of this comparison provide an- local particle size distribution.
swers to the problem as to if and when the APSD or APDcan  As an example, particle size distribution for differefit
be used instead of LPSD for calculation of dynamic capacity. values, is presented in Fig. 1. The calculations were car-
The replacement of LPSD by APSD or APD can noticeably ried out for mean particle diametep=210pum and con-
reduce computation time because the EBA model with APSD stant value of standard deviations=62pum. From ex-
or APD can be solved several hundred times faster than theperimental data presented in [8,11] it follows that stan-
model with LPSD. dard deviation decreases along column height by a fac-
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Fig. 1. The particle size distribution calculated from Egs. (2) and (4) for fort=0
X=0,0.1,0.2,.., 0.9, 1. The mean particle diameter wis= 210p.m and
standard deviations=62um. C(x,0)=0 9)
boundary conditions

forx=0
tor of roughly two. However, in this work, we have ig- Dy 3C
nored this dependency because of unknown relationship C=Co+ — (20)
between standard deviation and distance from the column woox
bottom. forx=H

The calculated LPSD is not exactly the same as experi- e
mental distribution [8,11], however it can be used to predict ol 0 (11)
qualitative differences between breakthrough profiles calcu-
lated for APD, APSD and LPSD. e the mass transport equation for particle:
To simulate breakthrough curve profiles with LPSD, the 9C. 8 Deee 1 8 9C.
column was divided into 10 equally spaced sectors. The av- gpﬁ + % _ Pmép = 9 <,2 p~’> (12)
erage particle diameter was calculated from Eq. (4) for each o o 0 r2or or
secu_)r. Inside the_ sector th_e p_arti_cle size di_stribution was ap- initial condition
proximated by discrete distribution. The interval between fort=0
dmax and dmin was divided into 20 fractions. The value of
discrete density distribution for each fraction was calculated q(x,r,0)=0, Cp(x,n0)=0 (13)
from integral:
boundary conditions
_ di+Ad forr=0
Faad = [ sty (5)
d; Cp

—- =0 (14)
where

forr=R,

(dmax - dmin)
Ad 20 © PIm TR () x (€~ Cp) (15)
and In above equationsG and C, (mg species/ml of fluid)
Ad are the concentrations of the solute in the percolating stream

dai = d;i + > @) and in the stagnant liquid phase, respectivElyis the inlet

concentrationg (mg species/ml of adsorbent) is the adsor-
bate concentratiom,is the distance along the coluntiis the
2.2. EBA model time, r is the distance from the particle cent@rz=da;/2 is the
particle radiusH is the expanded bed heigh,is the bed (ex-

For the investigation of the impact of local particle size ternal) porosityep the internal or mesopore porosityls the
distribution on breakthrough profiles, the bed voidage distri- superficial velocityD is the mobile phase axial dispersion
bution along the column and the solid phase dispersion werecoefficients Dy, is the molecular diffusivitykex is the mass
neglected because of their minor influence on concentrationtransfer coefficient from bulk phase to the external surface of
band profiles [7]. the particle and finally is the pore tortuosity. The index

With the above assumptions the EBA model consists of denotes théth fraction of particle diameter distribution—see
two differential mass transport equations: point 2.1.



94 K. Kaczmarski, J.-C. Bellot / J. Chromatogr. A 1069 (2005) 91-97

Table 1
Calculated dispersion coefficien®_ from experimental values of Bodenstein number (Bo) [14] The column dianieted.05 m, superficial velocity
u=0.0006167 m/s and voidage=0.64

Settled matrix heighitlo (cm) Expanded bed height (cm) H/Hg Bo=ux H/(Dy-¢e) DL x 10° (m?/s, calculated)
10.18 19.4 1.90 29.2 .60

12.73 24.2 1.90 28.6 .85

14.00 26.8 191 36.7 .04

15.28 29 1.90 36.8 B9

17.82 34.3 1.92 40.6 B4

19.10 36.2 1.89 37 .23

20.37 40 1.96 42.8 .00

30.56 58.5 191 455 12

38.20 73.3 1.92 49.2 13

In the case of APSD the sum in Eq. (8) is replaced by the dispersion coefficients for given expanded bed height mea-
term: sured by Tmmes et al. [14]. The data used bydfhmes et
_ _ _ al. in [14] are given in Table 1.
(1= &) x 6 x keu(C — Cplr = K)) (16) The values of model parameters assumed in this work are
dp() summarized in Table 2.
wheredy(X) is calculated from Eq. (4). The discussed above EBA model was solved using orthog-
When calculations are performed for APD, the axial ©onal collocation on finite element method [15,16].
diameter distributiongy(x), is replaced by average particle
diameter.

3. Results and discussion

2.3. EBA model parameters value , ) , ,
The simulation of breakthrough profiles was carried out

The EBA model was solved with Langmuir isotherm. This TOF particle size distribution given by Egs. (2) and (4). The
isotherm is frequently used to describe adsorption of proteins calculations were made for three sets of parameter values for
[4,12]: the particle size distribution model given by Eq. (2).

(@) dmin=80pnm; dmax=500pm; bulk mean diameter,
a7 dp=210pm; andos=62pm
(b) dmin=38wm; dmax=238um; bulk mean diameter
dp=100pm; andos=29.5[um]
(©) dmin=19um; dmax=119um; bulk mean diameter,
dp=50pm; andos=14.8um

_gmxC
q_Kd+C

wheregn, is the maximum adsorption capacity aiiglis the
dissociation constant.

In the following gm =50 mg/ml andKg = 0.1 mg/ml were
assumed.

The mass transfer coefficient characterizing mass transfer
from bulk phase to external particle surfakgy, was cal-
culated from the Carberry correlation, as recommended by
Hunter and Carta [12]. The correlation for edtthfraction
of particles can be written as follows: Table 2

In the case (a), the value of PSD parameters are the ex-
perimental data for Streamline particles [11]. For purposes
of comparison, we have also performed calculations for two
fictitious distributions (b and c).

The values of model parameters

-1/2 -2/3
u (u xdg;x
kexti(x) = 1.15_< ai X P ) ( 1;7 ) (18)  Name Value
te 1 pLAB Co (mg/ml), inlet concentration 0.5
The value of the binary diffusion coefficiemag, was taken ~ do (nm), average particle diameter 50, 100, 210
as for BSA, equal to 5.3 10-12m?/s [13]. For calculation ~ AVerage axial particle diameter distribution Eq. (4)
. .. Local particle size distribution Eq. (2)
of kext, the following parameters were assumed: density, Dag (M2/s), binary diffusion coefficient 5.8 1011
p=1000 kg/n‘?’, viscosity, 7=0.001kg/m/s, superficial D, (m¥s), solid phase dispersion coefficient 6.10°8
velocity u=0.0006167 m/s. Other model parameters were Dy (m?/s), pore diffusivity 3e-11
assumed as follow: pore diffusivi®m/6 = Dp = 3e-11 nf/s, Ky (mg/ml), maximum adsorption capacity 0.1
average bed porositse = 0.7, particle porosity, =0.5 and S“er]’;;?/':lﬂ)’;g::zi‘;cl'\?ggzif;”Sta”t 0580 06167
inlet concentratiorC, Was'equal 0.5 mg/ml ' ce, average bed porosity 0.7
One of the problems in modeling EBA processes is the &, particle porosity 0.5
lack of an appropriate correlation for the mobile phase axial o (kg/m®), density 1000
dispersion coefficient. To simulate breakthrough peak pro- 7 (kg/m/s), mobile phase viscosity 0-$0b1| .
anle

files, we decided to use mean values of experimental axial 264 height and liquid phase dispersion coefficient
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Fig. 2. (a) Comparison of concentration profiles calculated for an average Fig. 3. (a) Comparison of concentration profiles calculated for average par-
particle diameter equal to 50m. Solid line represents calculation for LPSD, ticle diameter equal to 100m. Legend is the same as for Fig. 2a. (b) Com-
dashed line, calculation for APSD and doted line, calculation for average parison of concentration profiles calculated for average particle diameter
particle diameter. (b) Comparison of concentration profiles calculated for equal to 10gum. Legend is the same as for Fig. 2a.

average particle diameter equal toad. Legend is the same as for Fig. 2a.

In Fig. 2a and b the comparison of concentration profiles
calculated for LPSD, APSD and for average particle diame-

ter is presented. The average particle diameter was equal to 05 H=19.4[cm] P
50um. The simulations were performed for expanded bed 0. ,.4"
height,H, equal to 18.4 and 73.3cm. In Fig. 3a and b and — A
Fig. 4a and b similar calculations for average particle diame- % 0.3 4
terequal to 100 and 230m, respectively are presented. From o
a comparison of breakthrough profiles calculated for LPSD 21 7
and APSD it follows that: ol
J
e the band profiles overlap each other for the smallest aver- 0.0 . . ; :
. . 0 100 200 300 400 500
age patrticle diameter, @ t [min]

e for H=73.3cm and for any average particle diameter, the
lower part of breakthrough profiles are very similar,

o differences between band profiles are observed for the up-
per part of uptake curves and average particle diameters 0.4-
equal to 100 and 210m. The profiles obtained by con-
sidering LPSD, approach the plateau concentration much
more slowly than the one obtained for APSD. This theoret-
ical prediction is in qualitative agreement with experimen-
tally observed concentrations very slowly approaching the 0.1
plateau, as for instance in the case of adsorption of BSA on 00 L - o
BRX-Q, DEAE Spherodex M and Streamline DEAE col- 0 100 200 300 400 500 600 700 800 900
umn [5,6,10]. The local particle size distribution may be in (b) t [min]
some degree responsible for the tailing behavior. However, _. _ . .
the tailing can be also caused by BSA dimmer presented in E|g. 4._ (a) Comparison of concentratlc_m profiles calculate_d for average p_ar-

ticle diameter equal to 230m. Legend is the same as for Fig. 2a. (b) Com
BSA sample [12]. In the case of EBA processes, the most parison of concentration profiles calculated for average particle diameter
important is a precise determination of breakthrough pro- equal to 21um. Legend is the same as for Fig. 2a.
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Fig. 5. Dependency on relative retention time difference<fe10.1C, on

expanded bed height. Average particle diameter is equal iorb(rhe solid
line represents thaapsp, the dashed line thd.

files for concentrations up to @C} because the calculation

of dynamic capacity is recommended [17] for that concen-
tration value. From presented simulations, it is evident that

the retention time for outlet concentration equals ta33.1

is always smallest when read from band profiles calculate

At <6%, |Aapsp| <2% (figure not presented). Much larger
relative retention time differences are for average particle di-
ameter equal to 21,0m. Only for expanded bed larger than
50 cm the|Aapsp] is less than about 3%. Th#; decreases
from about 20% to 6%.

From the comparison presented, it follows that for precise
calculations of DC, the APSD can be used instead of LPSD
for relatively small particle diameters or large expanded bed
height. This conclusion is important from the point of view of
EBA process optimization. Solution times investigated here
were from several to 90s on PC Athlon 2.2 GHz computer
when APSD or average particle diameter was used for simu-
lation. The simulation concerning LPSD took from about 4 h
to 1 day.

4, Conclusions

In this work, the EBA breakthrough profiles calculated
for local and axial particle size distributions were compared

d with band profiles obtained for average particle diameter. The

for average particle diameter. The estimated value of DC €laborated program can be used for any local particle size

would be in such case underestimated.

distribution, however, because of the illustrative purpose of
this work, we restricted our investigation to Gaussian like

In Figs. 5 and 6 the dependency of relative retention time distribution.

differences,A; or Aapsp, 0n expanded bed height are pre-
sented.
The parameten is defined as follows:

ILpsp— ¢ ILPSD — IAPSD
= ————0rApapsp=——"—""—

Ay
ILPSD ILPSD

19)
wheret; psp, tapspandt are the retention times for outlet con-
centration equal to 00, for breakthrough profiles calculated
when LPSD, APSD or APD respectively were assumed.

From the analysis of the lower part of breakthrough
profiles, it is evident that simulations performed for APSD
constantly approximate a much better concentration band
obtained for LPSD in comparison with solutions for APD.
The differences between relative retention timgpsp, for
outlet concentration equals to @4, for which the dynamic
capacity is calculated, are negligible when the average parti-
cle diameter is less than 1@0n or the expanded bed height
is large. In these cases the LPSD can be replaced by APSD

The relative retention time differences always decreasethat gives the possibility of rapidly optimizing the EBA
with increasing expanded bed height. For average particle process.

diameter equal to 5@m the value ofA; is less than 3%
and value off Aapsp| is less than 0.3%. For average parti-
cle diameter equal to 1Q0m the following relations hold:

0.22
0.204 =

0.184 a
0.16 \

0.14] e, =
0.124 \°\ \-
0.10 % ~
< o0.08] AN RN
0.06 - L . ----n
0.04 \
0.02
0.00
0.021— : ; ; ; ;

Expanded bed high [cm]

Fig. 6. Dependency on relative retention time differencesfe0.1C, on
expanded bed height. Average particle diameter is equal tu@l0rhe
solid line represents thaapsp, the dashed line the.
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