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Abstract

This work provides a theoretical analysis of multicomponent adsorption kinetics for conditions typical of protein adsorption in porous ion
exchangers as well as experimental results for the adsorption of lysozyme/cytochmairtares in the cation exchanger SP-Sepharose-FF.
The theory predicts the formation of overshoots in the intraparticle concentration profiles and in the total amount adsorbed for the more
weakly adsorbed component. An analytical solution valid for the case where the isotherms are rectangular is developed and found to be in
good agreement with the limiting behavior of the general numerical solution of the model equations. The experimental results show that
the two proteins are competitively adsorbed and that an overshoot of adsorbed cytoclumrnes during simultaneous adsorption. Model
predictions based on the assumption that the adsorption isotherms are rectangular and that lysozyme completely displacesacgted¢hrome
qualitative and quantitative agreement with the experimental kinetics suggesting that the overshoot phenomena observed with multicomponent
systems in these resins can be explained with a diffusion model without the need to account for flux coupling or electrophoretic contributions
to transport.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction simultaneous adsorption of BSA and lactalbumin on cation
exchange membranes. These authors reached the same
Rational design of protein ion exchange chromatography conclusion with regards to the competitive nature of protein
processes requires an understanding of the rate at whichbinding leading to a “roll up” of the less strongly adsorbed
the proteins bind to the ion exchange sites. When using protein under near local equilibrium conditions.
media suitable for process scale applications, this rate is Lewus and Cartd3] investigated the kinetics of two-
typically controlled by diffusion within the particles. Thus, component protein adsorption on the cation exchanger S
an understanding of diffusion rates is critical. Although HyperD-M for mixtures of cytochrome and lysozyme. S
many authors have investigated single protein ion exchangeHyperD-M comprises porous silica particles whose pores are
rates, very few have considered the case of multicomponentfilled with a charged poly(acrylamide) gel. The observed ad-
competitive protein adsorption systems. In an early study, sorption kinetics was found to be consistent with diffusional
Skidmore and Chasél] investigated the simultaneous transport through a tight fitting charged gel mesh. Thus, sin-
adsorption of lysozyme and bovine serum albumin (BSA) in gle and two-component mass transfer rates were described in
columns packed with the cation exchanger SP-Sepharose-FRerms of a homogeneous diffusion model, where the driving
Adsorption of the two proteins was shown to be competitive force for diffusion is given by the adsorbed protein con-
but the kinetics of the binding process was not determined. centration gradient. Accordingly, the ensuing intraparticle
In another study, Weinbrenner and Etf&linvestigated the  concentration profiles were predicted to be smooth. Based on
microscopic visualization studies with capillary supported
* Corre_sponding autho_r. Te_l.: +1 434 924 6281; fax: +1 434 982 2658. ng]btggnz)gitsegff?uzrosnu(r:I:]OSerIO \?;:Splgglfig;?rﬂgsné)‘(’:)'g;f
E-mail addressgc@virginia.edu (G. Carta). . .
1 Present address: Octapharma Inc., Vienna, Austria. mentally for both single and multicomponent systé#sr].
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The kinetics of adsorption of fluorescently labeled 2. Theoretical development
proteins in SP-Sepharose-FF particles has been studied by
means of confocal microscopy by several auth@sl1] We consider the competitive adsorption of two compo-
SP-Sepharose-FF is based on a crosslinked, functionalizechents assuming that intraparticle mass transfer occurs by dif-
agarose matrix with relatively large porg®]. Crosslinked fusion in liquid-filled pores with a driving force expressed in
agarose is thought to form a rigid pore structure. As a result, terms of the pore fluid concentration gradient. The following
transport in this matrix is likely to occur principally by diffu-  four assumptions are made: (1) the adsorbent particles are
sion through the liquid-filled pores. Since the pores are large spherical and chemically and structurally homogeneous; (2)
compared to the size of typical proteins, diffusional transport the pore fluid concentration is locally in equilibrium with the
is likely unaffected by electrostatic interactions with the pore adsorbed phase concentration; (3) the pore fluid concentra-
wall. In this case, the intraparticle concentration profiles tion is much smaller than the adsorbed-phase concentration;
tend to be sharp when the binding isotherm is favorable. This and (4) the adsorption equilibrium is represented by the mul-
behavior has been confirmed experimentally at low ionic ticomponent Langmuir isotherm according to:
strengths based on confocal microscopy studieslii]
However, departures from this behavior have also been noted = qm,iKiCi (1)
at higher ionic strengths, sometime accompanied by sharp, 1+ K;C;
temporary overshoots in fluorescence intendity,11]
Various explanations have been advanced for this behavior
as discussed by Hubbuch et fl3]. Nonetheless, the hy-
pothesis of sharp profiles appears to hold, at least at low ionic
strengths. ' ' .
A theoretical study of two-component protein adsorption dai = D;” 9 (rzacl> (2)

in spherical ion exchange particles has been reported recently 9 re o or
by Gallant[14] based on the numerical solution of a pore , _ 4. . _g —0

: . . . . s . i s qi (2a)
diffusion model. In this work, protein adsorption equilibrium
was described by the steric mass action model (S[A8). _
Accordingly, displacement of salt counterions from the resin " = 0:
was assumed to occur during protein adsorption as required
to maintain electroneutrality in the adsorbed phase. As a . _ o De’iaii = kt.4(Ci — C9) (2¢)

The following conservation equations and boundary con-
ditions can be written to describe adsorption in a finite-bath
batch adsorption system:

36[
=0 2b
ar (2b)

result, a salt concentration gradient was predicted inside the 0
article. The magnitude of the induced salt gradient is, how- —
P 9 . . . 9 L dc; 3kt Vm s Vm dg;
ever, generally very small, since, in practice, even in dilute = —(Ci—-C)=——— (3)
buffer solutions, the salt concentration is much greater than dr n oV Vodr
the equivalent protein concentration. For example, in Gal- 0
0: Ci=¢C; (3a)

lant’s reported detailed calculations, the maximum excursion r=
in salt concentration from the initial value within the particles
was only about 0.4%, suggesting that the assumption of a
constant salt concentration is probably valid in most practical
cases.

The present work has two components. The first is
the development of a general pore-diffusion model to
describe two-component protein binding with emphasis
on the theoretical description of intraparticle concentration
profiles along with the derivation of limiting analytical
solutions valid for the case of a rectangular isotherm. The
second is an experimental investigation of the kinetics of
two-component protein adsorption in SP-Sepharose-FF. For
this investigation we use mixtures of cytochrormeand
lysozyme, which can be detected spectrophotometrically.
Both simultaneous and sequential adsorption are consid-
ered. In the first case, the two proteins co-diffuse in the 1
particles, while in the second the two proteins diffuse in R = 1+ K.C; <1 (4)
opposite direction. Batch and shallow-bed experimental
results are obtained for each pure component and various In this case, the adsorbent is nearly completely saturated.
mixtures of the two and compared with the theoretical Thus, for each pure component, at equilibriyin~ gm ;.
development. When both components are present, the relative amounts of

In these equationgy; is the adsorbed concentration of
component, ¢ andC; are the pore fluid and external so-
lution concentrations, respectivele; is the effective pore
diffusivity, ks; the external mass transfer coefficieviy the
volume of the particled/ the volume of solution, ang is the
adsorbed concentration averaged over the particle volume.

Since the isotherm is nonlinear, a numerical solution of
Egs.(1)«(3) is required in general and was obtained by finite
differences. On the other hand, analytical solutions can also
be found for certain limiting cases. The first is the Henry’s
law limit of the isotherm. Here, however, the results are triv-
ial since adsorption of the two species would occur indepen-
dently. A second, more interesting case, is the irreversible
isotherm limit, which occurs when
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t<te t>te r=rp: ca=Ca, cg = Cp (8a)
r=ra: cA = 0, cB = Cé (8b)
Egs.(6) and(7) are the same as those used by Arevalo et
O al. However, the boundary condition expressed by (Bh)
is different. Arevalo et al. assumeg(ra) =Cg, but this is
» inconsistent since a concentration gradient of B must exist
through the outermost layer also. Integrating E§sand(7)
B B we obtain
| ] qnui qmli
DeaCa
ka= ©)
(A/ra) = (1/rp)
- Al & Al
——a, B A B Dep(Cp — c{3) (10)
€y CoGy 7 GGy (1/ra) — (1/rp)
\ a, qy The advancement of the adsorption front for A is obtained
! : from the balance equation
r“ Tn Tp A Tp
« 20ra DenCa (11)
Fig. 1. Sketch of intraparticle concentration profiles for the case of rectan- IA"A™g,~ = (1/rp) — (1/rA)
gular isotherms with A displacing B.
t=0: ra=rnp (11a)
each adsorbed species are related by Integrating this equation and introducing dimensionless
. variables we obtain the result
gn _ qmaKa Ca
@ Co S Qi W P 12
g8 9mBKp CB Pp —3pa+1= . (12)

Here simultaneous adsorption of the two components oc-
curs in two regimes as shown kfig. 1for the case where A
displaces B. For a time<t, there are two adsorption fronts.

In the outermost layer § <r <rp), both A and B are present

in the pores while in the middle layerg<r <ra), only B is
present. In the latter layea =0 andgg =gm g. Finally, in

the central corer(<rg), there is neither A nor B. Far>t, ) deg ,

the inner core has completely disappeared as the adsorptivé De,Bﬁ = kg 13)
front of B has reached the center of the particle. In this case,

there is a single adsorption front for A. r=ra: cg=cg (13a)

The approach followed in this development is similar to — =0 (13b)
the analysis of Arevalo et gJ16], although there are a few B- B
significant differences that will be pointed out later. For sim- Integrating this equation we obtain
plicity, in deriving the analytical solution we make the addi-
tional assumption that the external mass transfer resistance,, _ Depcy
: > ; . S KB = (14)
is negligible and that adsorption takes places in an infinite (1/re) — (1/ra)

volume bath. The derivation is then straightforward for each As before, the advancement of the adsorption front for Bis

reg_img assuming a pseudo steady state as in th? CIaSSica<$btained from the following balance and boundary condition
shrinking core model for single component adsorpfibri.

wherepa =ralrpandra = q;*_\rg/GDe,ACA. The latter repre-
sents the time needed for A to completely saturate the particle.
This result is the same as that obtained for adsorption of a
single componeritL7].

In the middle layerig <r <rp), we have

> drg _ De,BC/B (15)
2.1. Solution for t<g IMBIB " = Wra) — (1/rs)
With reference toFig. 1 in the outermost layer '=0° T"B=Tp (152)
(ra <r<rp), we have: However, before this equation can be integrated, we must
dea find cg, the concentration at the interface between the two
rzDe,A? = ka (6) layers. This is found by considering that when an amagjnt
of Ais adsorbed at the adsorption front, an amawé — g5
2D, Bdﬂ — kg @) of B is displaced. The corresponding flux of B is thus divided

dr in two parts: a flux toward the center of the particle and one
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toward the outside. A material balance at the A adsorption
front gives

De ACa
(1/ra) — (1/rp)
De,BCig De,B(Cé —Cg)

T (W/re)— (ra) | @/ra)— @/rp)

which can be solved far yielding the following dimension-
less result:

qmB — 45
qdm,A

(16)

b _ 1+ /B
Ce  1+[(1—(1/pa))/((1/pA) — (1/pB))]
wherepg =rg/rpandp =g De 8Cs/(0m,B — ¢)De,aCa. The
final result for the adsorption front of B is found by substi-
tuting Eqg.(17)in Eq. (15) and integrating yielding

/
‘B

(17

gmB—dqg !
dmB TA

208 — 303 +1=(1+p) (18)

One can see that the B adsorption front reaches the center

of the particle when

dm,B TA
dm,B — q’é 1+ 8

t=t.= (19)

2.2. Solution fort>¢

In this regime there is only one adsorption front, while the
central core is completely saturated with B. The position of
the A front is still given by Eq(12). However, for B, from
Eq. (17)we obtain

/
c 1
B =14 (20)
Cs B
In this case, B is continually desorbed unty = 0.
T, =0.06 vt = 0.6
1 T T T - 0.03
0.8 t
4 0.02
06 t -
- A s
a >
04 L B T
4 0.01
0.2
0 . . . . 0
0 0.2 0.4 0.6 0.8 1
v,

Fig. 2. Dimensionless position of adsorption fronts for0.1.
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Fig. 3. Dimensionless position of adsorption fronts for 1.

The behavior of the analytical solution is shown in
Figs. 2 and Jor different values ofg. The graphs shows
the dimensionless position of the two adsorption fronts as a
function of time as well as the quantipg — o3, which rep-
resents the temporary overshoot of B above the equilibrium
value. It can be seen that smaller valueg ocdsult in a thinner
middle layer fort <t. and a smaller B-core fdr>tc.

The above analytical solution is extended to the ca$¢ of
components i\ppendix Aand to the case of adsorption from
a finite bath including the external mass transfer resistance in
Appendix B

3. Computational results

Numerical calculations were performed for three repre-
sentative cases as summarizedale 1 For all three cases
we assume an infinite volume bath and neglect the external re-
sistance. In the first (Case I), we have choSgns> Cg along
with Langmuir equilibrium constants that are similar to each
other. In addition, we have chosen conditions sofaa 1.
These conditions are representative of favorable adsorption
of a bulk component along with a minor, closely related

Table 1
Conditions for numerical simulations of two-component adsorption in an
infinite bath

Case | Case Il Case Il
Ca (mglen?) 1 1 1
Cg (mglcn?®) 0.01 1 1
Ka (cm?/mg) 100 1 1000
Kg (cm?/mg) 90 0.01 10

Om.A =0Om,g =235 mg/cni, De o =Deg=2.2x 1077 cn¥/s, rp, =0.005 cm.
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(B) Fig. 5. Average concentrations in particle for Case I.

3.0

s this point on desorption of B occurs as the system gradually
\k = approaches equilibrium. As seenkhig. 5 an overshoot is
P o also predicted for the particle-average concentratjgnal-

though this overshoot is much less noticeable than that in the

intraparticle profiles. The A intraparticle profiles propagate

with a sharp front barely distinguishable from that predicted

by the classical single component shrinking core model.
For the second case Trable 1(Case Il), we have chosen

1.0 - . Ca =Cg, but very different Langmuir constants, with com-

ponent A much more strongly adsorbed thankg, & Kg)

ns L | andRa ~ 1. These conditions correspond to the adsorption

} of two fairly different components with a moderately favor-

00 J , J J J‘ J . able competitive isotherm. As in the previous case, the ad-

0 0.2 0.4 0.6 0.8 | sorbed equilibrium concentration of B is much lower than

i/, that of A. Calculated intraparticle concentration profiles and
the particle average concentrations for this case are shown in

Figs. 6 and 7As before, the B profile exhibits an overshoot

above equilibrium. However, since the fluid phase concentra-

impurity_ For this case, the isotherms are approximated by tion of Bis much hlgher thanin Case |, B diffuses faster in the
particle approaching the center for much shorter times. Cor-
amA respondingly, the overshoot in the average B concentration
occurs for very short times followed by a gradual return to
equilibrium conditions when the particle becomes saturated
~ ILLLCH with A. Unlike Case I, the A profiles are smooth owing to the
1+ KaCa reversible nature of the isotherm.

Note that here the B isotherm is approximately linear  Finally, for the third case ifTable 1(Case Ill) we have

whenCj is finite while the A isotherm is rectangular. The chosen a situation where agaia =Cg andKpa > Kg, but

evolution of intraparticle concentration profiles and the both Ry andRg are much less than one. In this case, we
average adsorbed concentrations for this case are showrhave two strongly bound components with nearly rectangular
in Figs. 4 and 5respectively. Since A is in large excess, isotherms but with A nearly completely displacing B. These
the amount of A adsorbed at equilibrium is much higher conditions are thus similar to the ones invoked in the deriva-
than that of B. Accordingly, B accumulates ahead of the A tion of the limiting analytical solution. Calculated intraparti-
adsorption front resulting in an overshoot above the equilib- cle profiles and particle average concentrations for this case
rium concentration. The overshoot moves inwardly and for are shown irFigs. 8 and 9As in Case I, component B dif-
longer times is transformed into a B-saturated core. From fuses faster than A in the particle accumulating ahead of the

q (mg/ml)
2
T
1

Fig. 4. Concentration profiles for Case | showrtatL00, 500, 1500, 2500,
3500, 4000, 4300, 4400, 4500, 4600, 6000, and 10,000s.

_ qmAKACA

N T KaCa

qB
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Fig. 7. Average concentrations in particle for Case Il.
2 4.1. Materials and methods
The adsorbent used in this work is SP-Sepharose-FF
215 (Amerhsam Biosciences, Uppsala, Sweden). This material
E is an agarose-based sulfopropyl cation exchanger with a par-
= ticle diameter of approximately 1Q0n for the lot used in
1.0 this work [18]. Chicken egg white lysozymev, = 14,500,
pl =11) and cytochrome from bovine heartNl, = 12,500,
pl =10.6) from Sigma Chemical Company (St. Louis, MO,
0.5 USA) were used as model proteins. All other chemicals were
obtained from Sigma or Fisher Scientific (Pittsburgh, PA). All
experiments were performed atroom temperaturef23C)
oo in 10mM NgHPO,; aqueous buffer at pH 6.5. At this pH,

both lysozyme and cytochroneeare positively charged.
Single component equilibrium isotherms were obtained
Fig. 6. Concentration profiles for Case Il showrtatl, 5, 10, 20, 30, 40 by contacting small samples of media (O'OZB’BMt settled
5og,'7d, 200, 500, 1000?1500, 2000, 2500, 5000s. _m_e_d|a) with 10 Cfﬁ samples of protein SOIUUODS of known
initial concentration and determining the residual solution
) concentrations at equilibrium. Amounts adsorbed were then
A-front. Desorption of B ensues when the B-frontreaches the ¢5|c|ated from material balances. Adsorption was reversible

center of the particle until equilibri'um is established withan 54 virtually complete recovery of the bound protein could be
almost zero adsorbed concentration of B. Both the A and B ,pained in buffer solutions containing 1 M sodium chloride.

profiles are sharp. The analytical result (Hd€)and(18)) is Single and two-component adsorption kinetics were
also shown irfFig. 9. For these conditions we see that there is obtained using both stirred-batch and shallow-bed meth-
excellent agreement between the limiting analytical solution ,4<  stirred batch experiments were done by suspending
and the numerical results. The former can thus be used with0_1_0_3 cr of hydrated particles in a 100 &mprotein
good accuracy even if the predicted concentration profiles areg|tion agitated with a magnetic stirrer while continuously

not perfectly sharp. monitoring the protein concentration in solution. The appa-
ratus is the same as that described in[ded] except that two
UV-vis detectors (Amersham Biosciences, Mod. UV-1) were
4. Experimental studies used in series to allow detection at 405 and 280 nm. Since
lysozyme has no absorbance at 405 nm, individual protein
The goal of the experimental work was to determine the concentrations were obtained by determining the cytochrome
actual kinetics of two-component protein adsorption systems ¢ concentration at 405nm and subtracting its contribution
and compare the results with the theoretical analyses. to the total absorbance at 280 nm to determine the lysozyme
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Fig. 9. Average concentration profiles for Case lll. The numerical and ana-
lytical solutions are nearly coincident.
200
reequilibrated in buffer and the cycle repeated for a different
150 adsorption time. As in the batch experiments, the amounts
g of each protein adsorbed were determined by combining the
E) 405 and 280 nm detector signals. Since the amount of adsor-
= 100 bent is very small and the mobile phase velocity is very high,
adsorption occurs under essentially constant protein concen-
tration in solution, or for conditions approximating an infinite
% bath. An AKTA Explorer liquid chromatography system
’ (Amersham Biosciences) was used for these experiments.
0 4.2. Experimental results

0 0.2 04 0.6 0.8 1
1/t Single component isotherms are shownrFig. 10 The
lines are fits with the Langmuir model although the isotherms
can obviously be approximated as being nearly rectangu-
lar with capacities of 238 20 and 13Gt 10 mg/cn? for
lysozyme and cytochrome, respectively. The substantial
concentration as discussed in rg20]. Experiments were  difference in capacity is surprising. However, there are 11
done for both simultaneous and sequential adsorption, in thearginines and 6 lysines in lysozyme while there are only 2
first case starting with clean adsorbent samples and in thearginines and 16 lysines in cytochroraeThus, it is possi-
second starting with a pre-saturated adsorbent sample. ble that the stronger binding of lysozyme occurs because the
Shallow-bed experiments were conducted in a manner positive charges in lysozyme are mostly associated with the
similar to that described in refl8]. For these experiments, substantially more basic arginine residues.
a small sample of SP-Sepharose-F5 (L) was placed in Single component batch uptake curves are shown in
a 0.5-cm ID glass chromatographic column fitted with two Fig. 11 These graphs show the amount adsorbed as a func-
adjustable plungers (Amersham Biosciences, Model HR tion of time, obtained from material balances. Good fits of
5/5). For an uptake experiment, a protein solution is passedthe batch uptake curves were obtained with effective pore dif-
through this column for a certain period of time at a high flow fusivity values of 2.5< 10~ and 2.0x 10~% cné/s, respec-
rate (4cni/min). Excess protein is then quickly removed tively, using a film mass transfer coefficigqt= 0.003 cm/s.
from the extraparticle voids by feeding the protein-free buffer The latter was determined in prior wd®, but had an almost
and the amount of bound protein determined by desorption negligible effect on the calculated curves. Since the isotherms
with 500mM NaCl. The area of the desorption peak is are very favorable, calculation based on the numerical solu-
related to the amount of protein bound. The column is then tion of the pore diffusion model equations (E¢E—(3)) and

Fig. 8. Concentration profiles for Case Ill showratL00, 500, 1000, 1500,
2000, 3000, 4000, 4300, 5000s.
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Fig. 10. Adsorption isotherms for lysozyme and cytochromen SP-
Sepharose-FF in 20 mM sodium phosphate buffer at pH 6.5. Lines are Lang-
muir model fits.

those based on the analytical irreversible isotherm limit were
practically indistinguishable. Interestingly, adsorption of cy-
tochromec occurs at a substantially greater rate than adsorp-
tion of lysozyme in spite of the fact that these proteins have
similar size and solution diffusivities. Similar results were ob-
tained in shallow-bed experiments with the cytochrame-
take rate being several times faster than the rate for lysozyme
The results of simultaneous adsorption are shown in
Figs. 12 and 13for shallow-bed and stirred batch ex-
periments with different ratios of protein concentration

250

200

150

q (mg/ml)

100 KA

o

Cytochrome ¢

50 1

A Lysozyme

SC model

1000

2000

3000

4000
Time (s)

Fig. 11. Single component batch uptake of 2mg/ml lysozyme and cy-
tochromec. Lines are shrinking core model fits wikh=0.003 cm/s.
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Fig. 12. Two-component simultaneous shallow-bed uptake of a mixture con-
taining 1 mg/ml lyozyme and 1 mg/ml cytochroroelines are predictions
based on the shrinking core model wih=0.005 cm/s.

in solution. In all three cases, cytochromepresents an
overshoot in the amount adsorbed before gradually returning
to the final equilibrium amount. The latter was essentially
zero. In other words, at equilibrium with cytochrormand
lysozyme mixture, there was no significant cytochrome
adsorption. As seen iRig. 13 a larger initial concentration
of cytochromec in solution results in a greater overshoot. In
all cases, however, the return to equilibrium of cytochrome
¢ (essentially no adsorption) occurs more slowly at a rate
directly proportional to the rate of adsorption of lysozyme.

Fig. 14shows the results of sequential adsorption. In this
case, the resin was first saturated with cytochramend
then exposed to a cytochroroysozyme mixture. For these
conditions, lysozyme completely displaced the adsorbed cy-
tochromec and the rate at which cytochroneds desorbed
is consistent with the rate at which lysozyme is adsorbed. It
can be seen that the lysozyme uptake curves are very similar
whether or not the resin is clean or pre-saturated with cy-
tochromec, indicating that the presence of this pre-adsorbed
protein does not affect diffusion of lysozyme in the particles
to a significant extent. Moreover, adsorption of lysozyme ap-
pears to be completely diffusion controlled and unhindered
by the rate of exchange of the two proteins on the adsorbent
surface.

Model calculations based on the analytical solution for
the irreversible isotherm case are also showhigs. 12—-14
in comparison with the experimental data. Our experimental
system is clearly described by nearly rectangular isotherms
with complete displacement of cytochrorady lysozyme.
Thus, this situation is analogous to Case Ill considered in the
theoretical part of this work. The numerical solution of the
shrinking core equations developed for the general case of
adsorption from a finite bath, describeddppendix B was
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Fig. 13. Two-componentsimultaneous batch uptake of lyozyme/cytoctoomeures with differentinitial concentrations. (a) 0.5/0.5 mg/ml; (b) 1.0/1.0 mg/ml;
(c) 1.5/0.5 mg/ml; (d) 0.5/1.5 mg/ml. Lines are predictions based on the shrinking core modki @903 cm/s.
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Fig. 14. Two-component sequential batch uptake of 1 mg/ml cytochmome
followed by a 1 mg/ml lyozyme/cytochroneenixture. Note that cytochrome

c is completely displaced by lysozyme. Lines are predictions based on the
shrinking core model withs = 0.003 cm/s.

used for the calculations with the diffusivity values deter-
mined form the single component batch uptake experiments
usingks = 0.003 cm/s for the batch cases dq@d 0.006 cm/s

for the shallow-bed case. In either case, the effektwhs al-
most negligible as for single component adsorption. As seen
in these figures, the agreement between experimental and
predicted two-component protein adsorption kinetics is quite
reasonable. In all cases, the model is in good agreement with
the data with regards to the cytochronmvershoot above the
equilibrium value and with the slow return to equilibrium.
The latter occurs at a rate that is completely controlled by
diffusion of lysozyme in the particles. The greatest deviation
occurs inFig. 13, when there is an excess of lysozyme. For
these conditions cytochromeis predicted to form a very
thin shell and it is possible that for these conditions more
significant deviations from the local equilibrium, rectangu-
lar isotherm solution take place. In addition, it is possible
that the bound cytochroreecould retard to some extent the
adsorption rate of lysozyme by introducing an additional ki-
netic resistance to binding. In any case, this effect seemsto be
small as shown by the relatively small discrepancy between
experimental and predicted results.
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5. Conclusions wherepBy 1 =0m,1DekCik/dmkDe,1C1. #. is thus given by

’1 (A.2)

Predicted intraparticle concentration profiles based on at;;, = ————
model for diffusional mass transfer of two proteinsin a porous 1+ > k=2Pr1
adsorbent suggest the development of concentration patterns )
with an overshoot of the more weakly adsorbed species above-2- Reaction fronts far > 7,
equilibrium followed by a gradual return to equilibrium. The . . )
relative magnitude and time of occurrence of the overshoot !N this casep;i =0 so that there aiie- 1 adsorption fronts,
depends on the relative affinity for the adsorption sites and with a central core of the partlcle;s completely saturated with
the diffusivities. An analytical solution can be derived for Component. The equations for thie- 1 adsorption fronts are
the rectangular isotherm case. This solution is in good agree-the same as E¢A.1). Component is continually desorbed
ment with the general numerical results when the adsorption until i1 =0.
isotherm is very favorable. For the experimental system con-
sidered in this work the two-component adsorption kinetics
is consistent with nearly rectangular isotherms and results inAPpendix B
complete displacement of one protein by the other. The re-
sulting adsorption patterns are analogous to those predicted Theanalytical solution for two component adsorption with
by theory. Experimental and predicted batch and shallow-bed rectangular isotherms is extended to the case of a finite bath
adsorption results are in good agreement using a dual-frontdnd considering the external mass transfer resistance as fol-
shrinking core model using diffusivities determined empiri- 10Ws. For simplicity we consider only the case where compo-

adsorption occurs in two regimes.
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VzDe,AF = ka (B.1)
Appendix A
dcg
2
: oo : Dep— =k B.2
The analytical solution is extended to multicomponent ad- " PeBy, B (B.2)
sorption keeping the assumption that the isotherms are rect- _ ot ca=CS, a—- (B.3a)

angular. For a system witd componentsi=1, 2, 3,..., N),
where componerncompletely displaces componéntl, the r=ra: ca=0, cB = cp (B.3b)
equations to predict the position of the moving fronts with _ _

time are developed as follows. For simplicity, we assume Integrating Eqs(B.1) and(B.2) we obtain:

that adsorption of the different components is completely s
. . De,ACA
mutually exclusive so that each of the adsorption zones thatka = T — (1) (B.4)
develop in the particle contains a single component. Compo- (/ra) = (1/rp)
nent 1 is the most strongly adsorbed species and is used as a De (CS — cf)
reference in the ensuing equations. kg = B B/ (B.5)
(A/ra) = (1/rp)
A.1. Reaction fronts for < 7, The advancement of the A adsorption front is obtained
from the balance equation:
t; is defined as the time at which adsorption front of com- d Do aCS
ponenti reaches the center of the particle. Up to that time, 4 2 9rA eA~A (B.6)

m,A"A = TN 1
there are adsorption fronts moving toward the center of the dr (1/rp) — (1/ra)
particle. The advancement of each of these fronts canbe de; _ . ., _

. . . = . A = rp (B?)
scribed by the following equation
; Introducing dimensionless variables EB.6) becomes:
3 2 _ ! .
2,01—3,0[4_1—(1‘{'2,8](’1)7:1, 1—1,2,...,N dﬂ 1 Ci/cg

= (A.1) dr ~ 6ta paloa — 1) (8)
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wherer = (Im,ArS/6De,AC2- The ratio of surface and initial  @nd with the following overall material balance:
solution colncentrationsfl,‘,i/cg, is_obtained by combining Cg = C3[1 — Ag(p3 — p3)] (B.18)
Eq. (B.8) with the following material balance at the particle
whereAg = gm gVm/C3V. The final result is:
g _ (oa/B)[1 — An(1 = pR)/(1 = pa + pa/Bia) + pall — AB(oR — PR)I/(1 = pA + pa/Big) (B.19)
o 1/[(1/p8) — (1/pa)] + 1/[(1/pa) — 1] — [04/(1 — pa))(1/BiB)/(1 — pa + pa/Bis)
and
2 dos _ B (pa/B)A— pa)[L — Aa(L — pR)I/(1 = pa + pa/Bia) + pa(L — pa)lL — As(pR — PR)I/(1 — pa + pa/Bis)
®dr  6ra —(1— pa) + pal(1/pa) — (1/p8)] — [(1/pn) — (1/pB)I(PA/BiB)/(1 — pa + pa/Bis) (8.20)
surface: t=0: pg=1 (B.21)
S
_DenCp = rpkia(Ca — C3) (B.9) Egs.(B.11) and(B.20) can be integrated numerically in
(/pa) —1 order to obtain the intraparticle profiles of both components.
and with the following overall material balance:
0 3 B.2. Reaction fronts for# t.
Ca = CR[L— AL - p})] (B.10)
yielding the result: As indicated_preyiously, in this casg =0; 'Fhat is, the
core of the particle is completely saturated with B and only
doa 1 1 [1-Aa(1-p3)] the A-adsorption front moves toward the center of the particle
—_ = . (B.11) : : ) )
dr 67a oA (1 — pa) + pa/Bia according to Eq(B.11). Simultaneously, B is continually
(=0, pa=1 (B.12) desorbed untipa =0.

where Bi =kt alp/De s and Aa = gmaVum/COV.
In the middle layerig <r <ra), the flux of component B
is given by:

k/ — De,BCérp
B (1/pB) — (1/p0n)

while the advancement of the adsorption front for B is ob-
tained from the balance:

(B.13)

2008 _ Deoce B.14
MBE G = (L om) — (U e)] (514
or

208 _ B ce/Ce B.15
P84~ 6ra (/o) — (1/08) (B.13)

wherep = gm ADe 8C3/0m,sDe AC3. The ratiocy/ C is ob-
tained by combining the following material balance at the A
adsorption front:

De,B(Cfg - C%)

(1/pa)—1
(B.16)

dm,B De,ACz _ De,BCé
gma (1/pa) —1  (1/pB) — (1/pA)

with the following material balance at the particle surface:
C3 —cq

(B.17)
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