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Abstract

A theoretical framework for the ion-exchange behaviour of bioactive substances in non-linear ion-exchange chromatog-
raphy is described. The aim of the study was the creation of a model basis to support a process design for production-scale
ion-exchange chromatography. The theory can be applied to a whole variety of biological substances, such as amino acids,
polysaccharides, peptides and proteins and either isocratic or gradient elution can be carried out. The influence of the eluent
concentration on the ion-exchange as well as on the characteristic charge was considered. Experimental measurements
showed a strong non-linear ion-exchange equilibrium with a transition from a Langmuir-type to a sigmoidal isotherm at
higher eluent concentrations. Hereby, the compound binds to the surface though it is not ionic. Therefore, the model
considered the possibility of ion-exchange as well as adsorption. A simplified distribution of the counter-ions based on the
Gouy–Chapman theory with a discrete distribution of the counter-ions was used. The theory was extended by a selectivity in
the double layer to allow specific adsorption. Calculations of adsorption–elution cycles showed, in agreement with the
experimental observations, the development of non-linear elution profiles with a desorption fronting. As a result, the column
loading and the eluent concentration were varied. The effect of contaminants, in this case sodium ions, was investigated and
included in the model. Finally, the model was extended to multicomponent systems to investigate the effect of side
components on the retention behaviour. The development of the characteristic elution profiles and the effect of the column
loading on the separation are discussed. Calculated concentration profiles along the column at discrete time steps were used
to reveal the influence of side components and the underlying separation mechanism. The simulations provided a new insight
into the phenomena involved in biochromatography and make convenient design concepts at least doubtful as the separation
is in this case mainly determined by the loading step and not by the choice of the elution gradient.
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1 . Introduction analytical chemistry and the earliest reports date
back to 1850 when Thompson studied the adsorption

Ion exchange is a well established method in of ammonium ions to soils[1]. Today, ion-exchange
is—besides reversed-phase chromatography—the
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become established as a purification method in Detailed theories about the interaction between a
preparative or, more precisely, production scale. charged surface and ions in the surrounding elec-
Especially the demands of mild operation conditions trolyte solution are still active subjects in surface and
and high purity in combination with high productivi- physical chemistry. In the Gouy–Chapman theory
ty forced the application of chromatographic meth- the electrostatical potential in the diffuse double
ods and the development of chromatographic sys- layer is a function of the concentration and the net
tems. A huge effort has also been made to describe charge density. It describes non-specific electrostatic
the ion-exchange process theoretically. The literature interactions and in a simple case the starting point is
in this area is vast but the approaches focus on two the Poisson–Boltzmann equation, a second order
theories. Helfferich reviews the theories developed differential equation making the assumptions of
before 1960 in his classical book[2]. Of these two mean field interactions, ions are treated as point
the stoichiometric theory has become the most charges and the solvent is assumed to possess a
popular, which may result from its simplicity and its constant polarizability. Modifications of this theory
familiarity. It is based on the mass action law and include the Stern theory, which takes specific ad-
describes the retention of a solute ioni as an sorption and the non-zero size of the ions into
exchange process with the counter-ionj bound to the account. Therefore, the counter-ions are divided into
surface (overbars represent bound counter-ions). Eq. two regions and the so-called Stern layer near the
(1) illustrates this process for monocharged cationic surface is introduced. Between the Stern layer and
species. the outside region—the diffuse part of the layer

described by the Poisson–Boltzmann equation—lies] ]
1 1 1 1 ˚i 1j 5i 1 j (1) the Helmholtz plane, about 2–3 A from the surface.

Cantwell and co-workers used the Stern theory to
describe the retention of ions in ion-exchange andFrom a physical point of view the main problem
ion pair chromatography[4,5]. Their approach consi-of the stoichiometric theory is that it regards only
ders two contributions to retention of ions: one is thetwo exchanging ions and neglects activity coeffi-
exchange within the diffuse part of the double layer,cients of the solute and the counter-ion. These are
adsorption on the surface, in their case in the Sterndetermined by long-range electrostatical forces,
layer, is the other. Considering the highly irregularwhich implies that more than only two ions are
surfaces used in chromatography, such planes areinvolved in the ion-exchange process and therefore

˚obviously questionable. Stahlberg therefore neglect-cannot be described by a stoichiometric approach.
ed the Stern layer, which means that the Poisson–More complex biomacromolecule-like peptides, pro-
Boltzmann equation holds up to the surface. Specificteins, etc., even show multipoint interactions due to
adsorption of counter-ions results in changes in thethe distribution of their charges, which interact
surface charge density, which also influences theindividually with the fixed charges.
electrostatic potential[6]. The potential profile againThe second theory to describe ion-exchange pro-
determines the distribution of solute ions so that thecesses is based on the Donnan potential concept and
problem must be solved numerically.was introduced by Mattson in his investigation of

The Gouy–Chapman and the Stern theory describeion-exchange equilibria in soils[3]. This Donnan
the distribution of counter-ions as a function of thepotential concept considers counter-ions in two
distance from the surface and are based on theoret-different phases having individual electrostatic po-
ical investigations of the interaction between a planartentials. The first attempts to model electrostatic
surface and solute ions in an electrolyte solution. Aseffects started on the basis of this concept but both
mentioned above, one of the major problems of thephases are regarded as homogenous and it does not
application of these theories to ion-exchange chro-give any information about how different parameters
matography is the irregular structure of chromato-influence the potential difference between both
graphic surfaces. Computations carried out by Has-phases. It is therefore obvious that an application of
nat and Juvekar even show that typical resin capaci-this approach to ion-exchange chromatography is
ties result in inter-site distances, which are too smallproblematical.



A. Wiesel et al. / J. Chromatogr. A 1006 (2003) 101–120 103

for the surrounding water to completely solvate the on the pH value. Yu and Wang described the
fixed sites [7]. As a consequence they expect the equilibrium uptake of neutral, basic and acidic amino
extent of dissociation of the counter-ions to be less acids quantitatively and concluded that the uptake is

2than 10%. strongly reduced if the negatively charged –COO
As a result, the adsorption behaviour often shows on the amino acid is present, either in ionic or

non-ideal behaviour that cannot be described by zwitterionic state[15]. The charge of amino acids is
constant selectivity coefficients[2]. Myers and Byin- given by the pK values, which are reported to be in
gton explain the non-ideal adsorption behaviour in the range 1.80–2.95 for the carboxyl group and
terms of the energetic heterogeneity of the functional 8.84–10.78 for the amino group[16]. Therefore, for
groups of the ion exchanger[8]. In particular, Myers low ionic strengths, it is proposed that only cationic
and Byington considered a binomial distribution of amino acids can take part in ion-exchange as other
the adsorption energies with three adjustable parame- species are excluded from the resin phase due to the
ters for each binary system, the average adsorption Donnan effect. Non-ionic interactions, such as hy-
energy, the energy distribution and the skewness of drophobic properties of the support, are assumed to
the energy distribution. Thereby, each adsorption site be of minor importance for retention at the given
behaves ideally. The model was successfully applied conditions as their contribution increases at salt
to describe binary and multicomponent adsorption concentrations higher than used in this study[17].
equilibria of amino acids[9,10] and also to describe Proteins and peptides show a charge distribution
the uptake equilibria of dipeptides on cation ex- along their surface. As a consequence, there may be
change resins[11]. Melis et al. acknowledged the specific areas on the surface with accumulated
heterogeneity of adsorption sites like in the Myers charges. In this case they may bind to the surface
and Byington model and introduced the idea of a though their net charge is of the same sign as the
heterogenous solid into the framework of an equilib- functional groups, which usually results in co-ion
rium model based on the mass action law[12]. The exclusion. Roth and Lenhoff developed a model to
heterogeneity of the adsorption sites is given by the predict protein-surface equilibrium constants based
average value of the standard free-energy change of on protein structures and surface properties[18]. In
the ion-exchange process, a standard deviation for this case the numerical effort is high and calculations
each binary system and one parameter representing of the electrostatic and Van der Waals energies of
the fraction of functional groups of each type. More interaction are very time-intensive. Therefore, sim-
recently, Melis et al. used this approach to model plified descriptions are still state of the art and
selectivity reversals in the ion-exchange of amino usually the protein parameters are the size and net
acids[13]. charge, while the stationary phase properties are

Whereas amino acids reveal dipole character, the reduced to the surface charge density and the short-
application of ion-exchange to separate molecules range interaction energy[19].
with larger three-dimensional charge distribution, Cramer and Brooks developed a macroscopic
e.g. peptides and proteins, raises new questions. The model of the charge distribution and size of proteins
solute ions often have complex chemical structures. [20]. Their steric mass action (SMA) model in-
Their charge is a function of the pH and distribution cluded, besides the equilibrium constant, two co-
along the surface and their dimension is of the same efficients, a stoichiometric and a steric factor. The
order as the double layer itself, which is usually stoichiometric coefficient is a statistical value and

˚thought to extend up to 30 A from the surface[14]. varies with the orientation of the protein with respect
The assumption of point charges is not valid for to the surface. Bouhallab investigated the same
complex molecular structures. For that reason one of phenomenon resulting in non-integer stochiometric
the first questions is which molecules are able to coefficients for small peptides[21].
bind to the surface at all. In the ion-exchange of peptides, proteins, etc., the

Amino acids show amphoteric behaviour and size of the molecules usually results in reduced
possess at least two centers that can carry charges. maximal capacities. Cramer and Brooks described
Their actual form as basics, neutrals or acids depends this with a shielding of functional groups by ad-
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sorbed proteins and introduced a steric coefficient and assuming ideal behaviour for the aqueous phase,
[20]. As a result, the proteins are homogenously the concentration of the cationic form can be calcu-
distributed inside the resin phase and size exclusion lated as follows:
due to pore size distribution was not considered. cP,total

]]]c 5 (3)1As pointed out previously, there are numerous PH 1
influences on the adsorption and ion-exchange step ]]11 K c 1P Hitself, respectively, of complex molecules. The appli-
cation of a model to predict the retention behaviour whereK is the equilibrium constant of the protona-P

in non-linear ion-exchange chromatography includes tion reaction [see Eq. (2)]. The concentration of the
a characterisation of the extra column effects like neutral form can be calculated easily by summing up
plant dead volumes, the resin phase including surface the individual concentrations:
properties and the physical properties of the investi-

c 5 c 1 c (4)1P,total P PHgated compounds. In gradient elution mode there is a
local change of the solvent elution strength so that

The role of side components is discussed later but
the influence of the solvent on the properties of the

based on their molecular structure it is assumed that
adsorbent and the compounds has to be considered as

the same interactions and mathematical descriptions
well.

as for compound P can be applied. The dissociation
In this paper, as a generic example, the retention

of water is given by the ionic product of waterK .wbehaviour of a bioactive compound in ion-exchange
Other considered compounds are HCl as eluent and

chromatography in the presence of eluent ions is
NaCl as salt. Complete dissociation is assumed for

discussed. The active centre of the compound is
strong electrolytes, such as HCl and NaCl. The

given by a secondary amine so that it can act in
concentration of chloride ions in solution is given by

neutral or cationic form. The protonation, electro-
the feed concentrations of salt and eluent:

neutrality and the influence of the eluent ion con-
c 5 c 1 c (5)2centration on the ion-exchange equilibrium were Cl HCl NaCl

considered. Model parameters were determined ex-
The concentrations of all species in solution canperimentally and by least squares fitting. Subsequent-

be computed from Eqs. 3–5 once the concentrationly, the model was validated in adsorption–elution
of the hydrogen ion is known. The solution pH cancycles with varying column loadings and eluent
be measured or calculated through the local electro-strength. Model extensions include the influence of
neutrality condition:contaminants, such as salt ions, as well as side

components on the retention. c 1 c 1 c 5 c 1 c (6)1 1 1 2 1PH H Na Cl OH

2 .2. Column modelling and mass transfer
2 . Theory

Numerous models are available to simulate the
development of band profiles in fixed beds[22]. The2 .1. Protonation equilibrium in aqueous solution
axial dispersion model with uniformly sized spheri-
cal beads has proven to be useful to describe theThe compound investigated in this study interacts
mobile phase in liquid chromatography:with the surface via a secondary amine group.

0 0 2 0Therefore, its current form is determined by the ≠c ≠c ≠ ci i i
] ] ]]5 2 u 1Dsolution pH and, in particular, we have: ax 2≠t ≠x ≠x

1 1 6 12´s dP1H ↔PH (2)
r5Rp]]]1 ´ OJ (7)1 / 0 /2p i ud ´pwhich leads to an excess of the cationic form at low

0wherec is the concentration of componenti in thevalues of the solution pH. i

mobile phase,u is the interstitial fluid velocity and́Knowing the total concentration of compound P
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is the bed voidage. This equation considers convec- cient dominated by intraparticle diffusion. Therefore,
tive mass transfer, axial dispersion and mass transfer the boundary condition is given by the equality of
between the two phases at the particle surface. The the concentration at the particle surface and in the
axial dispersion coefficient is estimated using the bulk solution. A symmetrical concentration profile
correlation by Chung and Wen[23]. inside the particle results in the concentration gra-

At the column inlet and outlet Danckwerts’ bound- dient set to zero at the centre of the particle.
ary conditions were used: i 0r5Rpr 5R ; c 5 c (11)UP i i

0
≠ci0 ] ix 5 0; uc 5 uc 2D (8)i,Feed i ax ≠c≠x i

]r 5 0; 50 (12)
≠r0

≠ ci
]x 5 L; 50 (9)
≠x Mass transfer kinetics are considered as hindered

diffusion in a radial direction from the surface to the
The mass balance PDE (partial differential equa- middle of the particle. However, as ion-exchange

tion) Eq. (7) is applied to the total concentrations of processes usually are not limited by adsorption
compound P, the side components, sodium and kinetics, at a given position inside the particle, local
chloride ions. All other species involved in the ion- equilibrium is assumed between ions in solution and
exchange process are calculated using Eqs. 3–6. Forions on functional groups[24].
that reason the sum of contributing species (cationic Due to the macroporous resin structure the mass
and neutral for compound P, anionic for chloride transfer is based only on pore diffusion and surface
ions) represents the total mass transfer term, given bydiffusion is assumed to be of minor importance and
oJ , as the diffusion fluxes of both forms of1 / 0 /2i is neglected. The Nernst–Planck equation for pore
compound P are considered individually. diffusion is used to take the influence of the charge

The concentration profile inside the particle is of the solute ions on the mass transfer into account
calculated by application of a finite-difference [25].
scheme in spherical coordinates to the mass balance

iPDE, which is given by: ≠c F ≠fi iF G] ]]J 5 2Q 1 z c (13)i i i i≠r RT ≠ri 12´≠c ≠q 1 ≠pi i 2] ]] ] ]]1 5 2 r OJ (10)s 1 / 0 /2dS D 2 i where Q is the diffusivity of componenti in the≠t ´ ≠t ≠r irp
stagnant liquid phase inside the particle,F is the

iwherec is the concentration of componenti in the Faraday constant,R the ideal gas constant,T thei

pores of the macroporous resin phase, andq is the temperature andf the electrical potential caused byi

amount adsorbed on the surface, respectively, bound the different mobilities of diffusing ions. Individual
inside the double layer. The particle porosity´ in fluxes in multicomponent systems are calculated byp

Eq. (10) is introduced to consider the appropriate substituting the electrical potentialf by the electro-
volume fractions. neutrality and zero-current condition, which means

Inside the particle the same balancing method as that the sum of fluxes across a border multiplied with
in the bulk solution is used. Eq. (10) is applied to the the charge must be zero. This method was proposed
total concentrations of compound P, the side com- by Hwang et al.[26].
ponents, sodium and chloride ions. Furthermore, The values of the diffusivities of hydrogen and

29 2compound P underlies the same protonation equilib- chloride ions are reported to be 9.31310 m /s for
29 2rium as a function of the total concentration and the hydrogen, 1.33310 m /s for sodium and 2.033

29 2concentration of hydrogen ions in the stagnant liquid 10 m /s for chloride[27], while the diffusivity for
inside the pores. All other species involved in the compound P is estimated through the correlation by
ion-exchange process are calculated using Eqs. 3–6. Polson[28]. Both forms, ionic and neutral, are

The external film resistance is assumed to be of assumed to have the same diffusivity, as proposed by
minor importance in a lumped mass transfer coeffi- Kim et al.[29]. The difference in diffusion fluxes is
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due to the additional driving force on the ionic form The thermodynamic equilibrium requires that the
because of the electrostatical potential gradient. A electrochemical potential is equal at every point. So
tortuosity factort is introduced to take the effective the potential at a distancex from the surface is given
lengths of the pores into account and is equal to 1 for by:
a cylindrical pore. Satterfield recommends a value of

m x 5m 1RT lnX x 1 z Fc x (16)s d s d s di io i it between 2 and 6 when surface diffusion is negli-
where X x is the mole fraction of componenti ats dgible [30]. The effective diffusivity in the pores is i

point x. The potential profile can be obtained bygiven by:
calculating the surface charge density, which is aDi function of the bulk concentrationc and the differ-]Q 5 (14) ii t ence in the electrostatical potential between the
surface and the bulk solution:The porosity is already considered in Eq. (10).
]]]This tortuosity factor is determined in a one-time i

s 5 8RTc ´ ´ sinh z Fc /RT (17)s dœ i 0 r i 0pulse experiment with compound P. As mentioned
above, the diffusivity of compound P in free solution and solving Eq. (17) for the electrostatical potential
is based on the correlation by Polson[28].

2 1 / 22RT s s
]] ]]]] ]]]c 5 ln 1 1 1]]] S D0 iS Di 8´ ´ RT c2 .3. Double layer 8´ ´ RTc 0 r iœ 0 r iz YFiU

As stated above, the interaction between the fixed
(18)charges on the surface and ions in the surrounding

electrolyte solution cannot be seen as a stoichio-
metric 1:1 complex. The negatively charged groups The electrostatical potential in a point located a
are chemically bound to the surface and at least distancex from a surface is
partially dissociated. They create an electrostatical

2RT 11gexp 2kxs dpotential difference between the surface and the ionic ]] ]]]]]c x 5 ln (19)s d S DF 12gexp 2kxs dbulk solution. The concentration of counter-ions is a
function of the distance from the oppositely charged with
fixed charges and a result of the electrostatical

g 5 tanhFc /4RT (20)s d0interaction. As the counter-ions ‘‘shield’’ each other
and due to entropic effects the concentration de- and the reciprocal value of the Debye length 1/k
creases from the surface to the bulk solution. De-

2 1 / 22z ci iscribed in thermodynamic terms, the concentration ]]k 5F (21)S D
´ ´ RTprofile is a result of the condition that the electro- 0 r

chemical potential must be equal at every point. From Eq. (16) one obtains the concentration
The extension of the double layer and the resulting profile in the diffuse part of the double layer based

concentration profile is calculated by the method on the bulk concentration:
˚proposed by Stahlberg[6]. At first the Gouy–Chap-

c x 5 c exp 2 z Fc x /RT (22)s d s ds dman theory (for a symmetrical 1:1 electrolyte) was i i i

applied on the condition that the Poisson–Boltzmann
Fig. 1 shows calculations of the counter-ionequation holds from the bulk, respectively, core of

concentration profiles for three different concentra-the pore up to the surface. The Poisson–Boltzmann
tions as a function of the distance based on theequation is described by Eq. (15), wherer is the
Gouy–Chapman theory. Assumptions are a planarcharge density at a point located a distancex from
surface with constant surface charge density and athe surface[31].
1:1 electrolyte. The higher the bulk concentration the2d r xs d shorter the diffuse layer as the electrostatical po-] ]]c x 5 2 (15)s d2 ´ ´dx 0 r tential diminishes faster with increasing charge den-
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 The distribution factor of the functional groupsfs
is assigned to the ion-exchange resin and equal for
all components. It is determined by parameter esti-
mation routines based on the experimental ion-ex-
change equilibrium data.

dq 5 f q (24)total s total

The assignment of specific adsorption, steric hin-
drance, etc., is based on the concentration profile,
which is initially guessed using the method proposed

d˚by Stahlberg[6]. The first group,q , is close to the
Fig. 1. Counter-ion concentration as a function of the distance pores and represents the part inside the double layer
from the surface for different bulk concentrations of a 1:1 with low counter-ion concentrations (seeFig. 1). The
electrolyte at 10, 40 and 100 mmol / l;´ set to 80 and a constantr stoichiometric ion-exchange between the diffuse2surface charge density of20.1 C/m .

layer and the pore is given by (overbars represent
ions in the double layer):sity [see Eq. (15)]. The length of the diffuse layer is

˚about 30–40 A and of the same order of magnitude ] ]]d dn1 1 n1 1PH 1nH ↔PH 1nH (25)as reported by Wesselingh and Krishna[14].

In this study only monovalent ions were ex-
2 .4. Adsorption and ion-exchange equilibrium changed and, therefore, stoichiometric coefficients

are not explicitly mentioned below. However, this is
In this paper the concentration profile of counter- not a limitation of the theory. It can be easily applied

ions is approximated by means of a discrete dis- to different systems [see Eq. (25)].
tribution with two types of functional groups (see Based on the calculation of the concentration
Fig. 2). Furthermore, it is assumed that co-ions are profile above within the diffuse layer compound P is
completely excluded from the double layer. The sum assumed to be located that far away from the surface
of both groups is given by the total exchange that the interaction can be interpreted as that of a
capacity of the resin. charged surface and a point charge. As a result of

this the interaction is non-specific, steric effects are
d sq 5 q 1 q (23) negligible and the ions in the diffuse layer are intotal total total

 

Fig. 2. (a) Distribution of counter-ion concentrations in the diffuse layer following the Gouy–Chapman theory. (b) The mole fractions of
ionic compounds in the diffuse layer are assumed to be the same as in the stagnant liquid phase.
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 equilibrium with the surrounding electrolyte solution.
Due to the non-specific binding the mole fraction of

dcounter-ions in the diffuse layer,Y is the same as ini

the pores,X . In the stoichiometric theory this isi

identical with a selectivity of one in the diffuse layer
d

a between two ionsi and j.ij

i id dc Xq Yj ji id ]] ]]a 5 15 5 (26)ij i d i dc q X Yi j i j
Fig. 3. Schematic illustration of steric hindrance while accessing
the functional groups of the selective from the diffuse layer.Eq. (26) describes the retention of counter-ions by

transferring an ion from the pore to the diffuse layer.
Based on the Donnan potential concept, co-ions are
excluded from the double layer. The same is applied

d ds sto zwitterionic forms, such as amino acids to allow q Yq Yj ji isthe so-called group separation of amino acids ob- ]] ]]a 5 5 (28)s sij d dq Yq Yj ji iserved by Yu and Wang[15].
However, non-ionic components like the neutral

Within the diffuse layer the concentrations areform of compound P can enter the diffuse layer
only slightly higher than in the electrolyte solution.without resistance. For that reason, in the diffuse
This can still be regarded as a diluted solution andlayer the following reaction of P with bound hydro-
therefore a shielding of functional groups due togen ions is possible:
bound ions of compound P is not realistic. As a

] ]]d d1 1 result the balance for all functional groups assignedP1H ↔PH (27)
to the diffuse layer is given by:

Hereby, the same equilibrium constant of the
d dq 5 f q 5On q (29)protonation reactionK as in the bulk solution is total s tot n nP

nused [see Eq. (3)]. As a result of the electroneutrality
1condition PH is bound to the double layer. In this with n as the stoichiometric coefficient. However, in

paper this reaction is defined as adsorption as no the selective layer a steric factors is introduced as
counter-ion is transferred from the double layer to proposed by Cramer for the ion-exchange of pro-
the bulk solution. teins. This coefficient includes the restricted acces-

The second group of the double layer, the so- sibility of the functional groups as well as other
called selective layer, is located between the diffuse effects, such as the limited possibility for solute
layer and the resin surface. Ions bound in this layer molecules to solvate the compounds near the surface
are—besides the electrostatical interaction due to at high concentrations of that species. The balance
their charge—strongly influenced by their charac- for the selective layer is given by:
teristics, i.e. size, charge distribution, multipoint
interaction and further non-idealities.Fig. 3 shows s sq 5 12 f q 5O n 1s q (30)s ds dtotal s tot n n none non-ideality in the form of a steric hindrance n

while accessing the selective layer. These effects are
From Eq. (30) the specific capacity is obtained bylumped into three specific parameters, the stoichio-

dividing the total exchange capacity by the sum ofmetric coefficient, a steric factor and a selectivity
the stoichiometric and the steric coefficient.factor. This layer represents the highly concentrated

Interactions of compound P with possible sidepart of the counter-ion profile calculated before and
components are the competitive protonation withshown in Fig. 1. Application of the stoichiometric
hydrogen ions and competition for the adsorptiontheory to the ion-exchange is defined by the selec-
and ion-exchange in the double layer, respectively.tivity between the selective and the diffuse layer:
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Contaminants like salt ions interact with the com- ments were not applied to measure the uptake
ponents via competitive ion-exchange. equilibrium. Initial conditions for all column experi-

ments were set by regeneration of the resin with 1M
hydrochloric acid followed by intensive washing

3 . Experimental with water of neutral pH.
Tracer experiments gave the bed voidage (Dextran

The resin used in this work, Lewatit (Bayer), is a Blue) and the particle porosity (hydrochloric acid)
strong acid macroporous cation exchanger. It is resulting in a bed voidage equal to 0.36 and a
constituted of a polymer backbone based on a particle porosity of 0.52. In further tracer experi-
styrene–divinylbenzene copolymer with 8% degree ments without column the plant dead volume and the
of cross-linking. Ion exchange activity of the resin is extra-volume between delivery system and the col-
obtained by sulfonation. The total ion-exchange umn were determined.
capacity of the resin,q , in a packed bed column The adsorption–elution cycles were carried out tototal

is given by the manufacturer as 1 mol / l and ex- check the validity of the model and to show the
perimentally verified by transferring the resin from ability to predict elution times and peak shapes. As a
its original hydrogen form to sodium using sodium result, the column was loaded with the compound at
chloride. The investigated compound P is a pharma- neutral pH; two different loadings were investigated
ceutical test substance provided by Bayer. Depend- during this study. A washing step followed to elute
ing on the pH it shows basic character and exists in non-adsorbing solutes. Then, a one-step elution was
two forms, neutral and cationic. The protonation achieved by switching the input valve. Two different
constant is measured by titration with hydrochloric elution solutions were used, hydrochloric acid with a
acid. HPLC-grade sodium chloride and hydrochloric concentration of 10 or 40 mM. After each run the
acid were purchased from Sigma–Aldrich column was regenerated using the procedure de-
(Steinheim, Germany). The HPLC systems used in scribed above.

¨this study were a HP1100 (Agilent), an AKTAex- The ion-exchange equilibrium of sodium ions with
lorer (Amersham-biosciences) and a Varian HPLC- respect to salt was measured in finite bath experi-
system. Water was distilled and deionised in a Milli- ments. In this case small samples of dried resin were
Q system (Millipore). contacted with samples of solution. Sodium chloride

All experiments were carried out at room tempera- was added and the flasks were shaken for 24 h to
ture (about 208C). The uptake equilibrium of com- obtain equilibrium. After that, the concentration of
pound P was measured in finite bath experiments in hydrogen and chloride ions in the supernatant solute
three series; at neutral pH and for two different were determined by titration using NaOH for titra-
concentrations of hydrochloric acid. A sample of tion of the free hydrogen ions. The concentration of
resin in hydrogen form was contacted with a sample chloride ions was used by potentiometric titration
of solution. The density of the wet resin was with AgNO .3

3measured as equal to 0.985 g/cm . The flasks were Multicomponent experiments were carried out in a
shaken for 24 h, which was sufficient time to obtain glass column with 5 cm I.D. The individual con-
equilibrium. After a further 3 h of settling the centrations of all components involved were mea-
supernatant solute concentration was determined sured after collecting fractions by means of an
using an analytical HPLC. analytical HPLC system. The same column configu-

A glass column with 2 cm I.D. and a packed bed ration was used to examine the influence of sodium
20 cm in height was used for breakthrough experi- ions on the retention of the main component. After a
ments and to carry out single component adsorption– rinsing step, a three-step elution each having con-
elution cycles. The breakthrough with a feed con- stant concentrations of hydrochloric acid (10, 20 and
centration that was known to result in saturation of 30 mM) was applied to elute the components.
the resin was used to measure the specific capacity. Pulse experiments with constant eluent concen-
Because of the slow mass transfer kinetics and tration of 40 mM hydrochloric acid were used to
limited available substance, breakthrough experi- measure the separation factors and the selectivities of
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the side components, respectively, with respect to the concentrations in the solid phase were achieved at
main compound P based on the retention volume. neutral pH and the isotherm is of nearly rectangular
The tortuosity factor was obtained from these pulse shape. At neutral pH the equilibrium of the protona-
experiments by means of the Aspen Custom Modeler tion reaction [see Eq. (2)], is almost completely on
Estimation routine, based on a least squares non- the side of the neutral form of compound P. This
linear solver. behaviour differs from experiments carried out with

amino acids, which are not retained in ion-exchange
chromatography if not in ionic form. As mentioned

4 . Results and discussion above, this behaviour is usually explained with the
Donnan potential concept and the co-ion exclusion

4 .1. Ion-exchange equilibrium from the resin phase. In macroporous resins this
corresponds with the exclusion from the double

The binary ion-exchange equilibrium of compound layer.
P with respect to the counter-ion hydrogen was the By increasing the concentration of HCl in the feed
focus of the experimental part of this study. It is of solution a transition from a Langmuir-type isotherm
special importance for this study as the dependency with a steep gradient at low concentrations to a
of the ion-exchange equilibrium on the product as sigmoidal isotherm can be observed. Thereby, the
well as the eluent concentration directly results in the slope at low product concentrations decreases with
shape of the peaks in dynamic experiments. increased HCl concentrations. At higher product

Fig. 4 shows the measured (markers) and calcu- concentrations the isotherm is bent upwards until the
lated (solid lines) ion-exchange equilibria for the specific capacity limits the resin loading. At lower
three different eluent concentrations. The so-called pH values the cationic fraction of compound P is
group separation of amino acids as basics, neutrals decreased as the concentration of free hydrogen ions
and acids described by Melis et al.[13] is not remains high. Compound P acts like a buffer, which
observed in this case. On the contrary, maximum causes the sigmoidal shape of the isotherm. This

 

Fig. 4. Experimental (markers) and calculated (solid lines) isotherms displayed as solid-phase concentration versus mobile phase
concentration (based on feed concentration in adsorption–elution cycles); I at neutral pH; II in 10 mM HCl solution; III in 40 mM HCl
solution.
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1reflects the ionic fraction of PH with respect to the the double layer are assigned to the diffuse layer.
free hydrogen ions. This value agrees with the estimation by Hasnat and

The calculated ion-exchange equilibrium obtained Juvekar who proposed that less than 10% of the
by numerical solution of Eqs. 3–6 and Eqs. 23–30 is counter-ions can be completely solvated[8]. The
in satisfactory agreement with the experimental data integration of the counter-ion profile shown inFig. 1
and the characteristic adsorption behaviour is repre- from the core pore to the surface results in a
sented well. This supports the proposed model and boundary between diffuse and selective layer about

˚especially the idea to allow the adsorption of neutral 20 A away from the surface. Compared to the size of
components, which are not excluded from the resin the compound and considering the concentration at
phase by diffusion into the diffuse layer and the that point the conditions applied to the diffuse layer
interaction with bound hydrogen ions to bind to the seem to be fulfilled.
surface.

At high feed concentrations the simulations obvi- 4 .2. Adsorption–elution cycles
ously deviate from the batch experiments, which
predict solid-phase concentrations about 20% lower The reliability of the model is shown by com-
than observed in experiments. This deviation results parisons of experimental and theoretically predicted
from the different methods in batch and column elution profiles. Therefore, four different adsorption–
experiments. The breakthrough curves in a packed elution cycles are carried out that vary in column
column give maximum specific capacities that are loading, based on the specific capacity in percent,
lower than the solid-phase concentrations in batch and elution strength. The experiments consist of
experiments. This might be due to resin swelling in three steps. First the column is loaded with com-
batch experiments, which affects the number of pound P at neutral pH followed by a washing step
accessible functional groups. For that reason it is with water. Finally, elution is achieved by switching
only possible to represent the experimental results at the column inlet to either 10 or 40 mmol / l HCl as a
high feed concentrations for either finite bath or one-step elution. The operating conditions are re-
column experiments. As the simulations shall be ported inTable 2.
applied to predict column experiments the value Fig. 5 shows the obtained concentration profiles
obtained from breakthrough experiments is used as with respect to dimensionless time. The latter is
the model parameter for the maximum resin loading. based on the dead volume timet of unretained small0

The steric factor can be calculated directly from molecules. The dimensionless concentration is based
the total and the specific capacity. Additional model on the feed concentration. The profiles for high
parameters, the double layer distribution factor and column loadings (runs I and II) show a desorption
the selectivity of compound P, are fitted to the fronting and a stronger diluted adsorption front. The
ion-exchange equilibrium data.Table 1 lists the combination of high column loading and high elution
values of the equilibrium model parameters. It is strength results in a peak maximum concentration
obvious that the compound has a very small affinity exceeding the feed concentration. This behaviour
to the resin compared with hydrogen ions. shows the possibility to use gradient elution chroma-

The double layer distribution factor obtained was tography to upgrade dilute solutions.
0.076, which means that 7.6% of all counter-ions in At lower column loadings the profiles resemble

linear chromatography with a Gaussian profile but
the same tendencies can be seen at low elution

T able 1
Equilibrium model parameters for compound P

T able 2
Parameter Value

Operating conditions in adsorption–elution cycles
Selectivity of compound P 0.01

Run I II III IV
Double layer distribution factorf 0.076s

Stoichiometric coefficient 1 Column loading |40% |40% |7% |7%
Steric factor 2.0 Eluent (mmol / l) 40 10 40 10



112 A. Wiesel et al. / J. Chromatogr. A 1006 (2003) 101–120

 

Fig. 5. Comparison between experimental data (solid lines) and simulation results (dotted lines). For low column loadings and low elution
strength the influence of mass transfer kinetics on the elution profile is shown by varying the tortuosity coefficient betweent52.8 (dashed
black line) andt51 (dashed grey line).

strengths (run IV). This behaviour can be explained ric acid and is consistent with the recommendations
by looking at the measured equilibrium inFig. 4 by Satterfield[30]. However, hindered diffusion has
once again. Starting from the maximum resin phase a strong effect on the profile for low column loading
concentration during the loading step a change to the and low elution concentration (run IV). In all other
equilibrium along the isotherms in hydrochloric acid cases mass transfer kinetics do not influence the
at the column inlet is performed. This causes high retention time but the steepness of adsorption and
concentrations in the aqueous phase due to desorp- desorption fronts. In case IV, as shown inFig. 5, the
tion. At high elution strength the ion-exchange profile form changes significantly and the calculated
equilibrium shows a nearly linear dependence over a profile with a tortuosity of 1 represents the ex-
wide concentration range. With small samples in- perimental data much better. It is assumed that this
jected to the column the solvent change between behaviour at low concentrations is due to the dif-
adsorption step and elution is compensated for rather fusivity hindrance that gradually increases with the
quickly. So this case approaches normal elution concentration. However, the theoretically predicted
chromatography with decreasing column loading. profiles are far within the reproducibility of the
For high column loadings or low elution concen- experiments.
trations there remains a strong non-linearity and the
repeated adsorption in the former unloaded part of 4 .3. Influence of inorganic ions on the retention
the column dilutes the adsorption front. behaviour

Fig. 5 shows that the agreement of experimental
data and model predictions is satisfactory especially Purification steps using ion-exchange chromatog-
for high elution concentrations with a slight differ- raphy of pharmaceutical substances are usually ac-
ence in retention observed for low loading (run III). companied by inorganic contaminants, such as salts
The shapes of the peaks are well represented by the from the fermentation broth. The influence of salt
model. The tortuosity factor obtained for the simula- ions, represented by sodium chloride, on the re-
tions was 2.8 from a parameter estimation using tention were investigated.
isocratic pulses of compound P in 40 mM hydrochlo- At first the specific selectivity is fitted to the
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T able 3ion-exchange equilibrium data shown inFig. 6. The
Equilibrium model parameters for sodiumauthors would like to point out that the aim of this
Parameter Valuesection is whether hydrogen or sodium ions bind

stronger to the ion-exchange resin. For that reason Selectivity with respect to hydrogen 1.3
only a limited number of experiments were per- Double layer distribution factorf 0.076s

Stoichiometric coefficient 1formed. The obtained values are listed inTable 3.
Steric factor 0Usually the resin capacity is measured by transfer-

ring the resin from hydrogen to sodium. Therefore,
the steric factor is set to zero. g/ l is used) evokes a shift of the whole profile to

Changes in the ionic strength of the solution as shorter retention times. However, the influence on
well as salting in and salting out which might the adsorption front in terms of time is bigger than
influence molecules like proteins does not occur. that on the peak maximum.
Therefore, in this paper the influence of salt ions is Fig. 8 shows the predicted elution profiles that
limited to competition for the fixed charges.Fig. 7 agree well with the experimental profiles. The so-
shows the influence of sodium ions on the elution dium ions displace the other components because of
profile of compound P. The experiments are carried the higher selectivity. As a result the effective
out in a column with 5 cm I.D. and a three-step column length where compound P is able to bind to
elution (10, 20 and 30 mM HCl) is applied. The the surface is decreased and therefore the retention
presence of sodium ions (a salt concentration of 0.85 time is smaller. However, this does not explain the

 

1 1Fig. 6. Ion exchange equilibrium for the system Na /H in terms of resin phase ionic fraction, Y, versus the ionic fraction in the aqueous
1 1phase, X of sodium ion with respect to hydrogen ions. The dashed line shows the fit of the model resulting in Na /H selectivity in the

selective layer of 1.3.
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Fig. 7. Influence of salt ions on the retention of compound P by means of adsorption–elution cycles without salt ions (solid line) and with a
sodium chloride concentration of 0.85 g/ l (dashed line).

difference between adsorption and desorption fronts. 4 .4. Simulation of multicomponent systems
The propagation of the axial concentration profiles
along the column seen in simulations allows an In this paper, a three-component mixture was
understanding of the effects involved. In more detail investigated to examine the influence of the side
compound P binds to the surface but its maximum components B and C on the separation. The availa-
resin loading is limited due to the reduced capacity bility of pure side components is limited, which
in comparison to hydrogen ions. This does not apply means that the amounts are too small to measure
to the sodium ions. Therefore, the sodium ions their single component ion-exchange equilibrium.
displace compound P as well as hydrogen ions. Instead, pulse experiments were used to measure the
These propagate through the column and reduce the retention time and separation factors with respect to
solid loading of compound P as can be seen by compound P (seeFig. 9). Furthermore, the same
means of the ion-exchange equilibrium inFig. 4. specific resin capacity for all three components is
Obviously, this leads to a faster elution and to the assumed. The obtained separation factors are 1.28 for
change in the adsorption front. However, the desorp- compound B and 0.94 for compound C with respect
tion front is only effected by the displacement by to compound P.
sodium, which results in a reduced column length. Fig. 10shows the comparison of experimental and
The difference in time for the peak maximum is calculated multicomponent adsorption–elution cycles
consistent with the remaining bed height available as dimensionless concentrations (based on the total
for retardation. feed concentration) versus the dimensionless time
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Fig. 8. Experimental (solid lines) and theoretically predicted (dashed lines) elution profiles with and without sodium chloride.

 

Fig. 9. Pulse experiments for all three components used for determination of the specific selectivity. The pulse experiments are carried out
in a small column with 1.6 cm I.D and 3 cm bed height. Isocratic elution in HCl solution of 40 mmol / l is used.
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Fig. 10. Experimental (markers) and simulated (solid lines) elution profiles for a three-component system of C (triangles), P (squares) and B
(dots) as dimensionless concentrations based on the total feed concentration versus dimensionless time based on the dead volume time.

(based on the dead volume time). As different separation factor is very small. However, differences
column loadings at constant feed concentrations in the maximum concentrations remain.
result in different durations for the column loading To provide a better insight into the interactions
step the time is reset to zero at the start of the between the components, axial concentration profiles
elution. were calculated by interrupting the simulation at

The experimental profile shows the characteristic discrete time steps.Fig. 11 shows the obtained
elution profile for compound P as seen before in concentration profiles at the end of the loading step.
single component experiments. The sharp bend in the The concentration of compound C exceeds its feed
curve results from the stepwise elution. Solutes concentration by more than 300% showing a dis-
eluted by the third elution step move faster through placement by compound P. This effect results from a
the column and overload the peak eluted by elution higher feed concentration and a stronger affinity to
step 2. In contrast, the profile shapes of the side the resin of compound P. For that reason the double
components are totally different. Compound B shows peak can be explained by a combination of displace-
the strongest retention and is located in the desorp- ment by the main component and by formation of
tion front of compound P. Its profile is determined by peaks by the elution gradient. On the contrary,
the third and final elution step and gives a Gaussian compound B has a higher selectivity but smaller
peak. For compound C a double peak is observed concentration. Therefore, it is not able to displace
that will be discussed in more detail later. compound P but shows a tag-along effect, which has

The calculated adsorption–elution cycles show been described in more detail by Guiochon et al.
that the model is able to reproduce the profile shapes [22]. During the elution the profiles were maintained.
in good agreement. Also, the double peak observed The first compound to be desorbed from the resin,
for compound C is predicted well. It is noteworthy compound B, was eluted first but it cannot pass
that the model is able to predict the separation compound P because of its higher selectivity. This
between C and P as seen in experiments though the means that its band profile is always attached to the
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Fig. 11. Axial concentration profiles along the column length after the end of the loading step. Concentrations are based on the specific feed
concentrations.

one of compound P. As a consequence, the elution front and builds up by shifting the desorption front to
step cannot improve the separation significantly. The higher times. As described before the peak of
same principle applies to the separation of P and C. compound B depends on the elution of compound P

The formation of elution peaks and therewith the and therefore elutes later. Due to the displacement
separation is mostly due to the loading step and the the two side components are separated from each
displacement effects observed in this study. This can other and the overlapping region is reduced. For that
be seen by calculations of adsorption–elution cycles reason bigger fractions of pure P can be obtained.
with different column loadings. As a result, the
column was overloaded in terms of feed volume at
constant feed concentrations and constant side com-5 . Conclusions
ponent fractions of 5% each. The column was loaded
to 4%, 20% and 50% of the total specific capacity of This paper introduced a model for the calculation
compound P (results are shown inFig. 12). It is of multicomponent systems in non-linear ion-ex-
interesting to see that the retention time of compound change chromatography. The theory is based on a
C remains almost constant and shifts only slightly to discrete distribution of counter-ions in the double
shorter times. The time needed to elute is given by layer and a mass action equation was applied to
the remaining column length and the ion-exchange consider specific adsorption of the solute counter-
equilibrium in the presence of the eluent. As the ions to the charged surface. The distinction of both
length of the unloaded column decreases with in- layers was based on the distance from the surface.
creasing volume overload, a small change in time is The model allows neutral components to bind to a
mandatory. The same principle applies to the ad- charged surface by simultaneous ionization. Theoret-
sorption front of compound P. However, the time ically predicted ion-exchange equilibria at neutral pH
needed to completely elute the column is a function and two solutions of different elution strength were
of the injected amount. Therefore, the peak of in good agreement with the measurements. The
compound P starts from a nearly constant adsorption theory can describe the development of elution
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Fig. 12. Calculated adsorption–elution cycles with different column loadings at constant feed concentration and side component fractions of
5% each. The column is loaded to 4%, 20% and 50% (indicated by figures) of the total specific capacity of compound P.

profiles for single components, which are used to reversals such as observed for amino acids or size
show the reliability of the model, and multicom- exclusion effects in the diffuse layer as the size of
ponent systems. The influence of salt ions was proteins usually exceeds the extension of the double
considered as competition for the limited number of layer. Not only the main component but the sepa-
fixed charges that are supported by comparisons of ration of compounds with similar molecular structure
calculated and measured elution profiles with and could be described. Furthermore, real process mix-
without salt ions. Calculations of axial concentration tures with contaminants, such as salts, instead of test
profiles along the column at discrete time steps compounds have been successfully used.
reveal a strong displacement effect. The separation The agreement of the model predictions and
strongly depends on the displacement, which is a experiments is very good and achieves nearly the
result of the total concentration, column loading and same accuracy as obtained for the modelling of small
side component fractions. It is furthermore seen that molecules, e.g. enantiomers, reached in the last
the influence of the elution gradient on the separation years.
is limited. The necessary amounts of process mixtures (not

A generic model has been proposed and ex- pure components) and laboratory efforts are feasible.
perimentally validated for ion-exchange biosepara- However, further scale down of the experiments is
tions. It could be adopted to anion and cation as well aimed at.
as weak and strong ion exchangers. The method, Knowledge of the separation mechanisms has
after modifications, is applicable for amino acids increased. Therefore, the general design concepts for
with dipolar charge as well as polysaccharides, ion-exchange could be altered. More importance
peptides and proteins with three-dimensional charge should be attached to the loading step conditions
distribution. The modifications include a further instead of the sole view on the elution step to
selectivity in the diffuse layer to describe selectivity improve the separation performance.
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6 . Nomenclature ´ bed voidage
´ particle porosityp

´ permittivity of vacuum0concentration of speciesci (F/m)i in aqueous phase
´ dielectric constant ofr(mmol / l)

the mobile phasediameter (cm)d
k inverse Debye lengthaxial dispersion coeffi-Dax

2 (l /m)cient (cm /s)
n stoichiometric coeffi-idiffusivity of species iDi

cient of iin aqueous phase
2 s steric coefficient ofii(cm /s)

s surface density of fixedeffective diffusivity ofQi
charges on the station-speciesi in the stagnant

2ary phase (C/m )liquid phase in the
2 t tortuosity factorpores (cm /s)

f(x) electrostatical potentiald resin particle diameterp
in the double layer at a(cm)
point x from the surfacef distribution factor ofs

(V)counter-ions in the dou-
f electrostatical potentialble layer 0

of the surface relativeJ diffusion flux of speciesi
2 to the bulk of the elec-i (mmol /cm per s)

trolyte (V)L column length (cm)
f electrical potential inq concentration of speciesi

the fluid phase (V)i in solid phase (mol / l)
q total exchange capacitytotal Supersciptsof the resin (mol / l)

0 in aqueous solutionr radial coordinate along
i in resin phasethe particle (cm)
f feed solutionR gas constant
s selective layer[J /(mol K)]
d diffuse layert time (s)

t column dead time (s)0 Subscripts
T temperature (K)

p particle
u interstitial velocity

total sum of all contributing
(cm/s)

species
x axial coordinate along

max maximum value
the bed (cm)

X mole fraction ofi in thei

aqueous phase
Y mole fraction ofi in thei
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