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ABSTRACT

In the present work, the effect of bed expansioB®SA adsorption on Amberlite IRA 410 ion-exchareginrwas
studied. The hydrodynamic behavior of an expandeaunsorption column on effects of the biomolecahes salt
addition and temperature were studied to optimize tonditions for BSA recovery on ion-exchangenresi
Residence time distribution showed that HEPT, adisphersion and the Pecletl number increased véthperature
and bed height, bed voidage and linear velocitye Bnding capacity of the resin increased with height. The
Amberlite IRA 410 ion-exchange showed an affinityBfSA with a recovery yield of 78.36 % of totadtgin.

Key words: BSA, protein adsorption, breakthrough curves, &rtite IRA 410 ion-exchange resin, distribution
residence time study, Richardson-Zack coefficient

INTRODUCTION better understanding of the effects of adsorbent
type and size (Dainiak et al. 2002; Yamamoto et
Expanded bed adsorption (EBA) is a downstrearal., 2001), bed height, linear velocity (Mullickdn
process developed from protein chromatographylickinger, 1999), fluidization and elution
but different in that shows the fluidized solutions effects on residence time distribution
chromatographic adsorbent bed. It permits crudéRTD) (Fernadez-Lahore et al., 2001; Santos,
feeding into the chromatographic column without2001) for application in recovery of important
an initial treatment to eliminate the biological biomolecules
material suspension, and as the bed expands,Dainiak et al. (2002) proposed a new technique for
increases adsorbent surface contact, makintpe treatment of anion exchangers for adsorption
interaction with the targeted molecules moreof the shikimic acid directly from the cell-
effective (Amersham Pharmacia Biotech, 1997¢ontaining fermentation broth. Amberlite 401 and
Fernandez-Lahore et al., 2001; Roy et al., 1999158 anionic exchange resins were treated with
In the present work, studies on expanded beldydrophilic polymer, poly(acrylic acid) (PAA), to
adsorption behaviors were made to achieve orm PAA-Amberlite 401 and PAA-Amberlite-
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458. The binding capacity of pure shikimic acidrequired. No significant effect on chromatographic
was about 81 mg for mL of adsorbent for botlperformance was observed after this treatment
cross-linked PAA-Amberlite and native Amberlite (Mullick and Flickinger, 1999).

in the fluidized mode of column operation. Fernandez-Lahore et al. (2001) examined the
Binding capacity dropped to 17 and 15 mg/mL suitability of ion-selective electrodes (ISE) foiet
respectively, when filtered fermentation broth wagletermination of RTD in turbid, cell-containing
done and to about 10 mg/mL for cross-linkedluids. The enhanced feedstock compatibility of
PAA-Amberlite when the fermentation broth IES is better than that of other tracer sensing
containing cells was wused directly. Nativedevices and allows a better study of bed system
Amberlite cannot be used for the direct adsorptiohydrodynamics  under  relevant  operating
of shikimic acid due to the immediate clogging ofconditions. Within the linear range of the
the column and the collapse of the expanded bedorresponding ISE-tracer pair, both the rate and
The cross-linked PAA-Amberlite was usedpH are normally measured during the expanded
repeatedly for direct adsorption of shikimic acidbed adsorption (EBA) of proteins. Analyzing the
from the industrial fermentation broth. RTD obtained after perfect ion-tracer pulse in
Human serum albumin (HSA) from very denseterms of the PDE (PDE, axial dispersion, plug-
Saccharomyces cerevisiaesuspensions was flow exchange of mass with stagnant zones) gave
recovered by expanded bed adsorption by Mullicke quantitative description of the underlying
and Flikinger (1999). The adsorption of proteinshydrodynamic situation during EBA processing.
was on mixed-mode fluoride-modified zirconiaAccording to the authors, the data provided a
(FmZr) particles (38 to 7fm, surface area of 29 powerful tool for predicting the overall process of
m’/g and density of 2.8 g/cin adsorption with a defined feedstock type and
Because of the high density of the porous zirconiaomposition. The best results were obtained using
particles, HSA (4 mg/mL) can be adsorbed in dhe intact yeast cell suspensions at different
FmZr bed expanded of three time its height. Théiomass contents (up to 7.5% wet weight) and
expanded bed adsorption of any protein from &uffer conductivities (5-12 mS) in an EBA column
suspension containing more than 50 g DCWI/Ifilled with the adsorbent Streamline QXL as
cells had not been previously reported. The FmZiuidized phase.

bed expansion characteristics were welln the expanded bed, sedimentation and particle
represented by the Richardson-Zaki correlatiofiuidization must be attempted in order to obtain
with a particle terminal velocity of 3.1 mm/s and athe optimal conditions of systems operation.
bed expansion index of 5.4 (Mullick and Flikinger,Richardson and Zaki (1954) studied several
1999). materials and obtained Equation 1 for the
Expanded bed hydrodynamics were studied as ralationship between the fluid velocity) and end
function of bed expansion using RTD with sodiumvelocity of the particle ) with the bed voidage
nitrite as the tracer. The authors perceived that t (€), which is given as:

protein binding capacity at 5% breakthroughU

decreased from 22 mg HSA/mL settled bed void— = ¢" Q)

volume for 20 g DCW/L yeast to 15 mg HSA/mL U,

settled be(_j void volume for 40 g DCW/mL YeaShyhere n is the Richardson-Zaki index or
and rema!ned unchanged for the higher yea%txpansion index and is a function of the terminal
concentrations (60 to 100g DCW/L). However, theReynolds numberRe)

equilibrium binding capacity decreased '
monotonically as a function of yeast concentration d,pU;
(20 to 100 g DCWI/L) and the binding capacity atR& = U
100 g DCWIL yeast was five times lower than that
at 20 g DCWI/L yeast. The lower equilibrium For the Stokes region, Re< 0.1, the terminal
capacity at the high cell concentrations resulteglelocity of an isolated particldéJg) is given as:
from the adsorption of cells on the particle 5

surfaces, restricting the access of HSA to they _ gdp(,op—,oL) 3)

intraparticle surface area. To remove the adsorbed’ 18u

HSA and yeast from zirconia particles, 1500 tQuhered, andg are particle diameter and gravity
2000 column volumes of 0.25 M NaOH were

)
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accelerationpp, p. andu are particle and liquid to obtain the optimal conditions for BSA recovery

specific mass and liquid viscosity, respectively.
And particles Reynold number, Rés given as:
deLU

U

Re, = (4)

With the linearization of Equation 1, it is possibl
to obtainn, experimentally with Equation 5
(Richardson and Zaki, 1954).

on ion-exchange resin.

MATERIALS AND METHODS

Materials
Fluidizers
Distilled water (HO), 0.07 M phosphate buffer at
pH 6 (Tp) and maize malt at 2% (MM) in 0.07 M

phosphate buffer at pH 6 were used. In the Table 1
shows the physical properties of the fluidizers.

The properties of water were as described by
The aim of the present work was to study theStreeter (1977), the properties of the other fluids
effect of bed expansion on BSA adsorption owere measured by viscosimetry and by the
Amberlite IRA 410 ion-exchange resin. Thechanged weight of 1 mL of fluid volume. A pH of
effects of addition of biomolecules and salts ané was chosen as it fell midway between the
temperature on hydrodynamic behavior of amptimal pH fora andp-amylases, and molecules
expanded-bed adsorption column was also studiedrgeted for futures work with maize malt.

INU =InU; +nine

(5)

Table 1— Fluidizers properties.

Fluidizer
Temperature (°C) Property
H,0* Tp MM
- p. (kg/nt) 997.5 1011 1004
4 (kg/s.m) 9.384x10" 9.870x10" 9.872x10*
- p. (kg/nt) 996.8 1007 1023
4 (kg/s.m) 8.569x10" 9.106x10" 9.899x10'

*Souce: Streeter (1977).

EBA column Sixty mesh plates at the feed inlet and at the
Figure 1 shows a scheme of the EBA column useproduct outlet were used to avoid the loss of
in the present work. The glass column was 1x3@dsorbents particles. A ruler was placed at the sid
cm with an adjustable piston and feed flow inlet abf the column for the measurement of bed height.
the bottom and a product flow outlet at the top.

Cutlet

Piston

L Feed inlet

Figure 1 — EBA column.
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Maize malt obtaining Study of residence time distribution (RTD)
Maize seeds were selected, weighed and washdehosphate buffer (0.07 M, pH 6.0) was used as
Seeds absorbed between 40 and 45% of thHkiidizer. The particle bed was fluidized until the
moisture and germinated in the laboratory at roorbed height of the study was achieved
temperature and pressure. The maize malt wdapproximately two, three and four times the ihitia
dried at 55°C for 5 h and stored at 5°C (Biazus died height). Five milliliter of the tracer (glucose
al., 2005 and 2006; Ferreira et al., 2007; Malavasolution) was injected at the bottom of the column
and Malavasi, 2004; Severo Janior et al., 2007). (below the particle bed). At the column outlet
samples were collected from time to time. Glucose

BSA solution _ _ concentration was measured in all the samples by
A 250 mg/L BSA solution was prepared with 0.07pNg (Reguly, 1996). The RTD curves were
M phosphate buffer at pH 6.0. obtained by the pulse method. Figure 2 shows the

Particle adsorbents RTD determination. The mean residence time (

An ion-exchange Amberlite IRA 410 resin with and the standard deviatioo)(are substituted in to

= 4.4x10° m andpe 1120 kg/m from VETEC Equation 7 to obtain the theoretical plate number
(Sé6 Paulo, Brazil) ?Nas used (N) and in Equation 8 to obtain the height

equivalent of the theoretical platds&TP).

Tracer t2
Five milliliter of the glucose solution at 5 mg/L N = —- (7)
was used as the tracer (Fernandez-Lahore et al., g
2001). The glucose concentration was determine ETP = 2, H (8)
by the DNS method (Biazus et al., 2005 and 2006; T g2
Ferreira et al., 2007; Reguly, 1996; Severo Junio,&xial dispersion Dnu) was calculated with
etal., 2007). Equation 9 as follows:

__UH 9
METHODS HETP=—— ©

2 & Daxial

Hydrodynamic study The Pecletl number P was obtained with

Two g of Amberlite IRA 410 ion-exchange resingqyation 10:

was used in all the assays; it gives a bed height o )

about 4 cm. The fluidizer was fed from the bottompe = 1Y (10)

of the column. Liner velocity was between 0.0004 D e

and 0.008 m/s and bed height was measured with

the ruler at the side of the column. TheBSA breakthrough curves

Richardson-Zaki index and experimental enddatch adsorption was carried out at 22°C. The
velocity (Ure,) Were obtained with Equation 5 and adsorbent was incubated with 25 to 50 mL of 0.07
the calculated end velocityJ{..) was obtained M phosphate buffer containing different BSA
with Equation 3 (Biazus et al., 2006; Chang et alontents. The protein concentration was measured
1994; Fernadez-Lahore et al., 2001; Santos, 200fBradford, 1976) from time to time, untl a

Richardson and Zaki, 1954). constant value was obtained. The Langmuir
isotherm was fit to the data (see Equation 11).
Determination of bed voidage(e) Continuous adsorptions were carried out in an

Bed voidage was obtained by substitution of dat§*Panded bed at bed height of approximately 8, 12

on specific mass &) and mass nf) of the and 16 cm. For this purpose, 5 mL of BSA

adsorbent particles, area of the cross sectioheof tSOlUtion was injected into the column and protein
column @;) and bed height H), using the concentration was measured (Bradford, 1976)

following Equation: from time to time, until the breakthrough was
obtained (Amersham Pharmacia Biotech, 1997;

_1 V, _1 V, _1 m, Dainiak et al., 2002; Santos, 2001). The maximum

€= _V__ _ArH - _,OArH (6) capacities of resin binding were determined

- . P between 10-90% of area of the breakthrough
whereVr is particle volume. cUrve.
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1 _K,1. 1 (11) is the equilibrium concentration (mg/L) aidis

Q, Q% C, Q the dissociation constant (mg/L). Total protein
concentration was determined according to the dye

where Qgq is the BSA-resin equilibrium binding binding method of Bradford (1976) with BSA as

capacity (mg/g or mg/mL) an@s is the resin protein standard.

maximum binding capacity (mg/g or mg/miQe,

'
Positive signal Negative signal
w
100
Figure 2 — Determination of RTD.
RESULTS AND DISCUSSION 28°C+2°C. For the maize malt (in buffer) system

at low bed voidage there was a large effect of
Figures 3 and 4, the curves ofUnhversus Ire are  friction on degree of expansion for the particle-
shown at 22°C and 28°C, respectively. It could b@article, particle-liquid and particle-biomolecule
observed that the multiple correlations werdnteractions, which increased in the linear velocit
optimal (about 1.0), suggesting that theof the fluidizer to maintain the bed voidage at the
Richardsson-Zaki equation was the best empiricglame level as that in the salt system. For high
model for predicting the particles fluidization. voidage, there was an inversion of hydrodynamic
There was a reduction in the valueroivhen salt behavior due to the decrease in the strength of the
(phosphate) and biological material (maize maltjriction and approach of the linear velocity to the
were added to the distilled water systems. It wagnd velocity of the adsorbents particles. The
observed that increasing temperature reduged strength for the maize malt fluidizer was higher
which was due to changes in the fluid propertieghan the salt fluidizer (Biazus et al., 2006; Dakni
with temperature and with adsorption andet al., 2002, Fernandez-Lahore et al., 2001;
diffusion into particle pores in the following orde Mullick and Flickinger, 1999; Santos, 2001;
MM > Tp > H,0O at a temperature of 22°C+2°C Richardson and Zaki, 1954).
and MM < Tp < H,O at a temperature of

45+ H20 MM Tp
LnU=5171Lne-4,4475 LnU=31333Lne-4.5622 LnU=4.0974Ln ¢ -4.4688

5] R? =0,9998 R? =0.9991 R? =0.9992
5,51
6

6,5 1

LnuU

74

754

-84

-8,5 T T T T T T
-0,7 -0,6 -0,5 -0.4 -0,3 -0,2 -0,1 o
Lne

* MM —®—Tp —&—H20 Linear (MM) Linear (Tp)

Figure 3 — Richardson-Zaki model at 22°C+2°C.

Linear (H20)
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H20 Tp
LnU=38728 Lne-42758  LnU=26581Ln¢-4.6396 LnU=3988Lne-4.4139
R? = 0.9974 R? = 0.999 R? = 0.9993

451

LnVv

5,54

-6,5 T T T T T T T T l
-0,45 -0,4 -0,35 -0,3 -0,25 -0,2 -0,15 -0,1 -0,05 [o]

Lne

¢ MM —®—Tp — & -H20 — Linear (MM) —— Linear (Tp) — Linear (H20)

Figure 4 — Richardson-Zaki model at 28°C+2°C.

Table 2 shows the experimental:f,) and that the Richardson-Zaki equation was the best
calculated U+ca¢ particle end velocities for the empirical model to predict the hydrodynamic
fluidizers and temperatures studied. It wasehavior of adsorbent particles in expanded bed
observed that the errors between the velocitiesystems, even when the fluidizer contained a
were lower and they could be associated with thiarger amount of biological material in suspension
experimental measurement of viscosity and ofBiazus et al., 2006; Santos, 2001). The fluidized
specific mass; however, these no reduces thgarticle end velocity decreased as the salt and
reliability of the data showed in table, for until biological material were added and the specific
25% of error could be commonly accepts infmass f) and the viscosity /) of the fluidizers
engineering processes. The low errors suggestegkre higher than those of the water fluidizer.

Table 2— End velocity of particles.

T (K) Fluid 50 Ur (m/s) — Error (%)
H,0 0.0134 0.0135 0.74

295.15 Tp 0.0115 0.0114 +0.88
MM 0.0104 0.0121 -14.05
H,0 0.0164 0.0147 +11.56

301.15 Tp 0.0125 0.0127 157
MM 0.0097 0.0099 2.02

Figures 5 and 6 show RTD curves for glucoseéhe particle bed and increased the contact between
tracer as it passed into the column bed; whickthe biological material and adsorbent particles, so
illustrated that the glucose solution could be usethat it was possible to feed the crude materia int
as tracer (Biazus et al., 2006; Fernadez-Lahore #te fermented tank directly, by there avoiding the
al., 2001; Yamamoto et al., 2001). fouling and reducing the costs of pretreatment and
Table 3 shows RTD results after substitution of th@repurification,  which  were  the  main
data into Equations 6, 7, 8 and 9 according to thehromatographic problems (Amersham Pharmacia
methodology used by Biazus et al. (2006Biotech, 1997; Roy et al., 1999).

Fernadez—-Lahore et al. (2001), Santos (2001) ariche Pecletl numberPg) is the parameter that
Yamamoto et al. (2001). It was observed that theneasures the mass transfer flow into the system. It
liquid axial dispersion increased with the heighincreased with the bed height, doubling with the
and bed voidage, linear velocity and temperaturenaximum bed height and facilitated the mass
There was a ten-fold increase when the initial bettansfer in the system unlike what occurred in
height doubled and a 30-fold increase when thexed bed systems. The HETP changed with all the
initial bed height quadrupled. parameters studied.

This facilitated the flow of biological materialtm
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Figure 5— RTD curves at 22°C.
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Figure 6 — RTD curves at 28°C.

Table 3— Experimental results of RTD.

Temperature Bed H (cm) € U (m/s) N Daias (CM?/s) Pe
15.4 0.848 0.0058 2.14 2.477 3.628
295.15 K Fluidized 11.6 0.797 0.0045 2.14 1.536 3.411
8.5 0.724 0.0030 2.14 0.835 3.097
Fixed 4.2 0.440 0.0004 2.14 0.0887 1.885
15.3 0.846 0.0062 2.14 2.623 3.621
301.15 K Fluidized 11.5 0.795 0.0048 2.14 1.637 3.403
7.5 0.686 0.0027 2.14 0.6891 2.938
Fixed 4.2 0.440 0.0004 2.14 0.1022 1.883

Figure 7 shows the BSA batch adsorption omlissociation constanKj was 0.9107 mg/ L using
Amberlite IRA 410 ion-exchange resin atthe Langmuir model. Figure 8 shows the BSA
22°C+2°C. A Langmuir data fitting (R = 0.9985) breakthrough curves at the expanded bed height of
is shown in Equation 11. The maximum binding8, 12 and 16 cm.
capacity Qz) of BSA on Amberlite IRA 410 ion- 1
exchange resin at a bed height of 4.2 cm was 178.—61— =0.005— +0.0056

(11)
mg/g resin (108.3 mg/mL resin) and the Qeq eq
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Results on maximum binding capacity and(Dainiak et al., 2002), zirconia adsorbent (Mullick
recovery yield changing with the bed height areand Flickinger, 1999) and others adsorbents
shown in Table 4Qg and recovery yield increased (Amersham Pharmacia Biotech, 1997; Chang et
with the bed height, as reported by Roy et alal., 1994; Kalil, 2000; Lanckriet and Middenberg,
(1999), Dainiak et al. (2002) and Lanckriet and2004; Santos, 2001). Increasing residence time by
Middenberg (2004). Th€g found for Amberlite decreasing flow velocity could have a negative
IRA 410 in this work was higher than those foreffect on the bed stability due to a decreaseen th
cross-linked PAA-Amberlite IRA 458 and 401 expansion.

200

160 -
jy
I 1204
4
jo)
3
§ 80
40
0 T T
0 1 2 3 4 5
Qeq (mg BSA/ g resin)
Figure 7 - BSA adsorption isotherm at 22°C+2°C.
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Figure 8 - BSA breakthrough curves at 22°C+2°C.

Table 4 - Effect of bed height on maximum binding capaeityl recovery yield.

8 cm 12 cm 16 cm
% yield 42.83 42.93 78.36
Qs (Mg/g) 267.7 268.3 489.8
Qg (mg/mL) 162.3 162.7 297.0

However, it could be possible to decrease the flowiscosity was usually significantly higher in the
velocity without affecting the bed height, sincefeed than in the buffer. How significant the effect
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of this could depend on the resistance to maswolecular diffusion (Amersham Pharmacia

transfer in the system. It may be significant for a@iotech, 1997; Chang et al., 1994). Figure 9 shows
protein with high molecular weight, especially if the maximum binding capacity changing with the

the viscosity in the feed is high and slowsbed height.

500

4004

300

200

QB (mg BSA/ g Resin)

100

4 8 12 16
Bed height

Figure 9 - Effect of bed height on BSA breakthrough capeaft22°C+2°C.

CONCLUSIONS RESUMO

For a salt-malt system, low bed voidage frictiorNo presente trabalho foi estudado o efeito da
had a large effect on the degree of expansion faxpansao do leito sobre a adsor¢do de BSA na
the particle-particle, particle-liquid and particle resina de troca idnica Amberlite IRA 410. O
biomolecule interactions, with the need to increaseomportamento hidrodinAmico de uma coluna de
the linear velocity of the fluid to maintain thecbhe adsorcdo em leito expandido sob efeito da adicdo
voidage at the same level as in a salt system. Ae biomoléculas, sal e variacdo da temperatura
high voidage, there was an inversion oftambém foi estudado para obter as condi¢cdes
hydrodynamic behavior due to the decrease in thigimas de recuperacdo da BSA sob a resina de
strength of friction force and linear velocity andtroca iénica. A distribuicdo do tempo de residéncia
that approach of the end velocity the effect wasnostrou que a HEPT, a dispersao axial e o nimero
higher for a given mass of salt-malt fluidizer thande Pecletl aumentaram com a temperatura, altura
for the salt fluidizer. do leito, porosidade do leito e velocidade linéar.
The Richardson and Zack model showed a good fitapacidade de ligagdo da resina aumentou com a
with the experimental data, with a relative errorexpansdo do leito. A resina de troca ibnica
between 12 and 15%. The RTD showed thafmberlite IRA 410 mostrou ter afinidade pela
HEPT, axial dispersion and the Pecletl numbeBSA, com uma recuperagdo de 78,36 % da
increased with the temperature and bed height, bgdoteina total.
voidage and linear velocity. The binding capacity
of the resin increased with the bed height. The
Amberlite IRA 410 ion-exchange resin showed atNOMENCLATURE
affinity for BSA, with a recovery yield of 78.36 %
of total protein. Ar  Area of cross section (n

Calc Calculated data

Csq  Equilibrium concentration (mg/L)
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