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Abstract

A mathematical model including convection, diffusion and Freundlich adsorption is developed. To examine the validity of the model, the
affinity membranes were prepared by coating chitosan on the nylon membranes, a ligandiefysafg was bound to the chitoan-coating
membranes, and the adsorption behavior of bilirubin through the stacked affinity membranes was investigated. The agreements between t
theoretical and experimental results are exceptional. Using our new model, we show thaP¢ln@&eases, the breakthrough curves become
sharper. FoPegreater than 30, the effect of axial diffusion is insignificant; (2)rAscreases, the time of total saturation is delayed and the
loading capacity at the point of breakthrough is increased; (3)decreases, the time of total saturation is delayed and the loading capacity at
the point of breakthrough is increased; (4)rAscreases, both the time of total saturation and the loading capacity at the point of breakthrough
are increased; (5) adsorption rate influences the time of total saturation strongly but contributes little to the loading capacity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction number of advantages over traditional affinity chromatogra-
phy with porous-bead packed columns, such as higher flow
Affinity chromatography is a powerful biomolecules rate, faster binding rate, lower pressure drop, higher produc-
purification method that is based on the specific interaction tivity and easier scale-ujb,6]. The highly efficient process
between immobilized ligands and target proteins. It is unique of affinity membrane chromatography is based on the use of
among separation methods as it is the only technique thatthin layers of finely organized and well-controlled macrop-
permits the purification of proteins based on biological func- orous polymeric stationary phases in the form of rigid disks
tions rather than individual physical or chemical properties of 2—3 mm thicknesgL,7]. As a result of the convective flow
[1]. The affinity chromatography displays high specificity of the solution through the pores, the mass transfer resistance
due to the strong interaction between the ligand and the pro-is tremendously reduced. This results in rapid processing,
teins of interest. However, it suffers from several technical which greatly improves the adsorption, washing, elution, and
problems including the compressibility, slow mass transfer regeneration steps. Due to the macroporous structure of the
and adsorption kinetics of the traditional particle media for membrane support, affinity membrane chromatography has
column chromatography, et—4]. a lower pressure drop, higher flow-rate, and higher produc-
In an effort to overcome the problems associated with the tivity than column chromatography. The additional advan-
affinity chromatography, recently, affinity membrane chro- tages of easy packing and scale-up, as well as the unlikely
matography has attracted much attention because the intefouling/clogging, make membrane chromatography an ideal
gration of membrane and affinity chromatography provides a large-scale separation process for the purification and recov-
ery of proteins and enzym¢s,8].
In literatures, very few models have been developed so far
* Corresponding author. Tel.: +86 592 2185299 to describe the transport phenomenon of affinity membrane
E-mail addressshiwei@xmu.edu.cn (W. Shi). chromatography, and the majority is obtained by modifying
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the models of affinity chromatography. The Thomas model data. Finally, system parameters were varied to evaluate their
[9] has been used frequently to describe the process ofeffects on the performances of the system.

affinity chromatography in a packed column. This model

involves Langmuir reaction kinetics as the rate-limiting step.

Without mass-transfer effects on column performance, the 2. Theory

overall rate of adsorption is only limited by the intrinsic

adsorption kinetics. Itis suggested that, in membrane column2.1. Adsorption kinetics

affinity chromatography, the Thomas solution can be used

when working with axial Peclet numbers greater than 40 and  Langmuir was first to propose a coherent theory of adsorp-
radial Peclet numbers smaller than 0.04. Sii&} proposed tion onto a flat surface based on a kinetic viewpoint, i.e., there
a model including convection, diffusion and Langmuir is continual process of bombardment of molecules onto the
adsorption. In this model, the effects of axial diffusion, flow surface and a corresponding desorption of molecules from
velocity and sorption kinetics on separation performance the surface to maintain zero rate of accumulation at the sur-
were discussed. It was found that axial diffusion, which is face at equilibrium. The assumptions of the Langmuir model
insignificant in affinity column separation, may dominate are that surface is homogeneous, and adsorption energy is
over convection at low flow rates or for thin membranes. constant over all sites. In fact, because the adsorbent surface
On the other hand, at high flow velocities, some solutes is often heterogeneous and/or interaction among adsorbed
may pass directly through the membrane without binding molecules cannot be neglected, the heat of adsorption varies
due to slow sorption kinetics. Sorption kinetics was shown with the surface coverage. The direct evidence of the solid
to dominate affinity membrane performance. The frontal heterogeneity is the decrease of the isosteric heat of adsorp-
chromatography of lysozyme on an affinity membrane of tion versus loading. This is because sites of highest energy
cellulose-Cibacron Blue was studied by Liu and Fried are usually taken up by adsorbate first and then sites of lower
[11], using the membrane affinity chromatography model, energy are progressively filldd7].

and they explored pore-size distribution and membrane  The kinetics equation of Freundlich is

thickness-variation effects on column performance. From B

their variation analysis, the effects of pore-size distribution r = —> = ka6, — kgod?2 1)

and thickness variation for a membrane system are very sig-

nificant. Frontal chromatography membrane models, which where ¢ and ¢s are the solute concentration in the fluid
fail to account for extra-column effects, cannot be expected to phase and concentration of solute—ligand complexin the solid
describe separation performance prop§tB,13] Suen and phase, respectively.

Etzel [14] extended the membrane affinity chromatography  The fractional coveragea can be defined as

model to study extra-column effects in membrane systems. Cs

Their results show that these effects are relevant for a propereA =Cs= a )

description of performance in these type of separations. A . )

theoretical analysis for frontal affinity chromatography in Wherec is the total adsorbed capacity. _

hollow fiber membranes has been also repojt&gL5} At equilibrium, Eq.(1) reduces to the Freundlich model:
The equilibrium adsorption of a solute on an affinity matrix Cs = KW/ 3)

based on the above models is often described simply by
the Langmuir equation, with the assumption that single site, where,K = (kag/kdo)® andb = by + b,.
homogeneous interaction occurs between the solute and the
ligand, and that nonspecific interactions promoted by the sup-2.2. Model
port are abseifii 3,16). However, practical solids, due to their
complex pore and surface structure, rarely conform to the Inthe development of a model for the breakthrough curve
fundamental description, that is very often than not funda- of a macroporous affinity membrane, the flow of the ligate
mental adsorption isotherm equations such as the classicabolution through the membranes is depictedrig. 1 It is
Langmuir equation do not describe the data well because thebased on the isothermal sorption of a single ligate during lam-
basic assumptions made in the Langmuir theory are not read-inar flow through a porous membrane onto which a ligand is
ily satisfied. immobilized. The feed ligate concentratiorcis The ligate

In this paper, an affinity-membrane model based upon solution has a concentratiafy, t) with a constant interstitial
Freundlich equation was developed. The affinity membranesflow velocity v through a membrane of thicknelsssurface
were prepared by coating chitosan on the nylon membranes.areaA and void porosity. In developing the model, the fol-
A ligand of polyi.-lysine was bound to the chitoan-coating lowing assumptions are made: (1) the diffusion coefficient
membranes, and the adsorption behavior of bilirubin through (D), viscosity (), and density ) of the ligate solution are
the stacked affinity membranes was investigated. The modelconstant; (2) mass transport may occur by axial convection
parameters were obtained by batch experiments, then theand axial diffusion while other transport mechanisms, such
utility of the model was demonstrated using experimental as radial diffusion, radial convection or surface diffusion, are
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Feed concentration, c, For convenience, we can define the following dimension-
Flow velocity, v less variables:
vt
T=— 10
i (10)
T Membrane porosity & ;= z (12)
L Membrane surface area A L
! c==< (12)
Y co
. - Cs= = (13)
Fig. 1. Stacked flat-sheet affinity membrane model. |
. . . . . . . UL
negligible; (3) fluid linear velocity is independent of concen-  Pe = — (14)
tration and varies only with radius.
Based upon the assumptions cited above, a mass balancgl _ (1—e)a (15)
over a section of the membrane gives the following continuity eco
equation10]: (1— £)kaol
) n=-——— (16)
a a d a &v
i + v = 8D—§ -(1- 8)E (4) .
ot 3z 3z ot F=14 2 17

The basis for affinity separations is the formation of a Kq

strong noncovalent bond between the ligand and ligate. The Here Pe is the axial Peclet numbem is the ratio of
interaction can be described by an equilibrium relationship total adsorbed capacity to feed solute concentratiosthe

of the form: dimensionless number of transfer unitss the dimension-
) ) ) ) less separation factor which determines the maximum ligand
Ligand+ ligate < ligand— ligate loaded onto the membrane matrix at equilibriufa.is the
Assume that adsorption between ligand and ligate can bedlssqmatlon equilibrium constant of Freundlich adsorption
described by kinetics equation of Freundlich, therefore and is equal téqo/kao. _ _
After substitution of the dimensionless groups, Egs.
dc cs\ cs\ 2 (4)<9) become
et (2) ko ) ©)
: ! oc oCc _ 1 #2C  ACs 18)
The initial conditions are set such thatthere is no ligate in 9t ' 9~ Pe 9¢2 "o
the membrane. aC " "
Initial conditions: ZS_Teehho T b 19
0T m_° m(r—1) ° (19)
c=0 at z>0,r=0 © Initial conditions:
cs=0 at z20,r=0 (M ¢=0 at ¢>0,r=0 (20)
The Danclfwerts.’ boundary conditiotj$8] are used to Cs=0 at ¢>0,t=0 1)
account for dispersion at the front surface of the membrane
and complete mixing with only convection flow at the exit of Boundary conditions:
the membrane. 1 8C
Boundary conditions: C———=1 at ¢=0,7t>0 (22)
Pe ot
ac
—eD— = at z=0,r>0 8 aC
Bve T e, T eveo < g ®) =0 a i=17>0 (23)
d
8—2 =0 at z=L,t>0 9) The governing equations are a set of mixed differential

equations. Eqg18)and(19)are partial differential and non-
In general, axial diffusion should be considered at the linear differential equations, respectively, so they must be
entrance of the membrane because a step first-order spatiadolved simultaneously with the initial conditions and bound-
slope exists there. When axial diffusion is insignificant, i.e. ary conditions. We used the finite-difference method to solve
D approaches zero, E(B) reduces t@=cy at the entrance, the equations for the model of affinity membrane perfor-
which is the case of a step input. mance.



W. Shi et al. / J. Chromatogr. A 1081 (2005) 156-162 159

3. Experimental Afterwards the membranes were washed with 1 M NaCl and
deionized water extensively.

3.1. Chemicals and apparatus
3.3. Dynamic adsorption of bilirubin

Nylon membranes (47 mm diameter, Oi4% pore
size) were obtained from Whatman (England). Chitosan  The dynamic experiments were carried outin the cartridge
(Mr ~40,000) was provided by Fluka (Swizerland). Poly-  to investigate the breakthrough performance. Bilirubin-
lysine (PLL) and sodium cyanoborohydride were purchased phosphate buffer solution (200 mg/L) was impelled by peri-
from Sigma (Germany). Bovine serum albumin (BSA) was staltic pump with two different flow rate (i.e. 4 and 6 mL/min)
obtained from Beijing Chemical Reagent Company (China). to flow through the membrane stack (containing five over-
Bilirubin was purchased from Shanghai Weihui Chemical lapped membranes) in a single-pass mode. Then the amounts
Factory (China). The other reagents used were bought inof bilirubin through the membrane cartridge were measured
China. in succession with a spectrophotomdtd,21]

A peristaltic pump (Model BT-100, Shanghai, China) was
used for the feeding of bilirubin solutions. The concentration
of bilirubin and albumin-conjugated bilirubin were deter-
mined using a 752N UV-vis spectrophotometer (Shanghai
Precision Instruments Co. Ltd., Shanghai, China). The mem-
brane cartridge (donated amicably from the Dalian Chemical

. . . The porositys was measured by determining the amount
2{1a<15hy3|cal Institute, China) was used to load the membraneOf water adsorbed by the membrarieg] and the axial

diffusion coefficientD was determined from experimental
measurement®3,24]

4. Determination of model parameters

4.1. The parametersand D

3.2. Affinity-membrane preparation
4.2. The parameterc
3.2.1. Preparation of chitosan-coated membrane N _

Nylon membrane disks (47 mm diameter) were shakenin  PLL-attached membranes were equilibrated by shaking
1M HCI for 24 h at room temperature_ After partia| hydr0|_ in saturated bilirubin—phosphate buffer solution. The amount
ysis of amide bonds, the membranes were shaken in 20%0f bilirubin adsorbed on membranesy) was measured by
(v/v) epibromohydrin solution, pH 11, adjusted by NaOH, Spectrophotometry at the wavelength of 438 nm. Theran
at 60°C for 10h. After activation, the membranes were be calculated by
washed three times for 20 min with water at room temperature _ mp
[19]. VT ALL - M,

The activated membranes were shaken in 10 mL chitosan ) _ N
solution (prepared by dissolving 0.15g chitosan in 10 mL whereMy is the molecular weight of bilirubin.
1vol.% acetic acid solution) for 30 min at room temperature.
The chitosan solution was then sucked through the mem—4'3' The parametersgand b
branes, which were subsequently incubated in an oven at
80°C for 10 h. Non-covalently bound chitosan was removed
by washing the membranes with 1 vol.% acetic acid solution
and deionized water.

(24)

We have applied Freundlich adsorption isotherms for
the description of the adsorption mechansim for bilirubin
on PLL-attached membrar|&@9]. Fig. 2 shows the linear
relationship of the Freundlich isotherm for the adsorption
of bilirubin with PLL-attached membranes, whetgis
3.2.2. Immobilization of PLL adsorption capacity (mg) of bilirubirX is the weight of the

An amount of 80mg of sodium borohydride was dis- membrane in grams; is the bilirubin concentration. From
solved in 12mL 2M NaOH. Then 20 mL of water and 4mL  thjs figure and the value @f, we can obtained the values of
of epibromohydrin were added. One chitosan-coated mem-K andb. Thus the value oKy can be easily calculated from
brane was shaken in epibromohydrin solution for 3 h &G0 its definition.
Finally, the membrane was washed at least three times with
deionized watef19,20] 4.4. The parameterstand kjo

After activation, chitosan-coated membranes were
incubated in 0.2M sodium periodate for 90 min at room After adsorption of bilirubin onto the PLL-attached mem-
temperature. An amount of 60 mg sodium cyanoborohy- branes, the membranes which have been known the amount
dride and 100 mg of PLL hydrobromide were dissolved in of adsorbed bilirubin were shaken in BSA solution at @7
10 mL 0.1 M phosphate buffer and adjusted to pH 7.0. One Concentration of BSA-conjugated bilirubin was measured
periodate-activated chitosan-coated membrane was giverby spectrophotometry at the wavelength of 460 nm at a given
in PLL solution and shaken overnight at room temperature. interval. BSA (Albumin) is known to be natural carriers of
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Fig. 2. Freundlich adsorption isotherm of PLL for bilirubin at°7.

bilirubin. It is generally agreed that each albumin molecule
can bind two bilirubin molecules strongf21,25] so the
bilirubin molecules desorbed from the membranes will be
bound albumin molecule immediately. Therefore, the(&y.
can be written as

dCs Cs b2
— = —kdo| — 25
5 = k() 5)
By carrying out integration, one obtains
_ b, kdo(1—b2)
cé b2 — céo}72 S T t (26)
|
Because
by
Csi+1 — Csi-1 des ; Cs
Scsi = ~ —> = —kgo| — 27
Cs.i T® > dO(q) (27)
Then
log (—écs,;) = b210g cs; + (109 kdo — b2log c1) (28)

As shown inFig. 3, a straight line is obtained by plotting
log (—38cs,i) as a function of logs,i. From slope and intercept
of the line, the values dfy, andkyg are obtained. Further-
more the values db; andky, can be calculated through the
equations oK = (kao'kgo)*® andb=b; +b,.
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Fig. 3. Curve of log{csi) — logcs;.
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Table 1

The parameter values for the model

P c1 (mol/L) Kg (mol/L) D (m?/s)
0.62 0.026 8.%10°° 1.18x 107°
by b2 Kao (1/s) Kdo (Mol/L s)
0.57 1.49 1.58 1.29 104

The values of parameters obtained are shown in
Table 1

5. Results and discussion

Most affinity separations are operated in the frontal analy-
sis mode. This includes continuous flow of the ligate solution
into the inlet until a breakthrough occurs as indicated by
detection of the ligate at the system outlet. The plot of efflu-
ent concentration of the ligate versus time or throughput
volume is called the breakthrough curve. In this model analy-
sis, dimensionless breakthrough curves where dimensionless
effluent concentration is plotted versus dimensionless time
were used. Breakthrough and saturation are defined as that
points where the exit ligate concentration in the fluid phase
equals 10 and 99% of the inlet concentration, respectively.
The loading capacity is defined as the amount of ligate bound
to the membrane at the point of breakthrough.

5.1. The effects of model parameters on breakthrough
curve

The effect of axial diffusion is represented by the axial
Pelect numbeRe The breakthrough curves for differeé
are illustrated ifig. 4. At low Pe, the axial diffusional flux is
very high so that concentration of ligate is dispersed along the
axial direction. Under this condition, the breakthrough curves
are broadened, the time of total saturation is delayed and the
loading capacity at the point of breakthrough is decreased. As
Peincreases, the breakthrough curves become sharpéteFor
greater than 30, the effect of axial diffusion is insignificant.

1.0

1)

Dimensionless effluent
o
>
T

concentration C ({

o
N
T

©
o
b

Fig. 4. The effect of axial diffusion on the shape of the breakthrough curve
(m=38.57;n=23.36;r =5.52;by =0.8;b, = 1.5).
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Fig. 5. The effect of ratio of total ligand capacity to feed concentration on Fig- 7. Theeffect ofthe separation factor on the breakthrough ciere0;
the breakthrough curvé®é= 10;n=23.36;r =5.52;b; =0.8; b, = 1.5). m=38.57;n=23.36;b, =0.8;b, = 1.5).

Axial diffusion should be important only for thin mem-  hoon metamorphosed severely. We argue that this results from

branes. As the membrane thickness increa$®salso  he small adsorption velocity of the ligate on ligand, so the
increases, and the effect of axial diffusion decreases to a neginemprane is easily penetrated through.

ligible level. If the membrane thicknessisincreasedin a given
affinity membrane systereincreases with the square of the
membrane thickness. The relationship can be derived with all
other parameters held constant by substituting(E6) into

The dimensionless separation factorvhich determines
the maximum ligand loaded onto the membrane matrix at
equilibrium is proportional to feed solute concentration, and
el k inversely proportional to the dissociation equilibrium con-
Eq.(14). This is in accordance with the model of Su&0]. stant of Freundlich adsorption. The breakthrough curves for

'_I'he model parameten IS the ratio of maximum capacity  gifferentr are illustrated iFig. 7. Asr increases, both the
of ligate adsorbed on the ligand to feed solute concentration.ime of total saturation and the loading capacity at the point

Alargemcorresponds to a small feed concentration or alarge of pyreakthrough are increased. This is because of adsorption
capacity of ligate adsorbed. When all other parameters arecapacity is proportional to.

set constapt, the parametemainly shows the effect of lig- The effects ob; andb, on the breakthrough curves are
and capacny on the breakthroggh curves. The breakthroughgpown inFigs. 8 and 9respectively. Ay andb, decrease,
curves for differenmare shown irfig. 5. Asmincreases, the 6 fime of total saturation is delayed. But the loading capac-
time of total saturation is d_elgyed and the loading capacity at ity at the point of breakthrough is nearly independenbpof
the point of breakthrough is increased. 3 andb,. From Eq(5), we know that adsorption rate decreases
. The dimensionless number of transfer umitis Propor-  4sh; andb, (b=b; +by) decrease. Therefore, it is reason-
tional tokeo. The effect ofn on the breakthrough curves is 46 to conclude that adsorption rate influences the time of

shown inFig. 6. As n decreases, the time of total saturation (4 saturation strongly but contributes little to the loading
is delayed and the loading capacity at the point of break-

- capacity.
through is increased. Wher= 1, the breakthrough curve has
1.0 1.0 ———
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Fig. 6. The effect of the number of transfer units on the breakthrough curve Fig. 8. The effect ob; on the shape of the breakthrough curfFe$ 10;
(Pe=10;m=38.57;r =5.52;b; =0.8;b, = 1.5). m=38.57;n=23.36;r =5.52;b, = 1.5).
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1.0 and experimental data may be due to the following reasons.
- - The membranes may have some dead volume which cannot
§ ﬁ 0.8 be reached by convective flow. When membranes are stacked,
£ < more dead volume may also be created. The adsorption of the
@ e 06l ligand in the dead volume would be limited by the slow dif-

O . .
% 5 fusion of the ligate through the dead space.
2T 04l
22
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