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Abstract. Interactions of Bovin Serum Albumin and Hemoglobin with an hydroxyapatite gel (HA-Ultrogel,
Sepracor), have been studied separately in batch experiments. The adsorption isotherms are of the Langmuir type
and can be used directly to scale column operations.

For adsorption of hemoglobin alone, in column at pH 6.8 (equal to its isoelectric point) we notice that a classical
intraparticle transfer model, based on a constant effective diffusion coefficient represents perfectly the symmetrical
breakthrough curve. For acid pH values (pH 5.8), Langmuir isotherms of BSA and hemoglobin adsorptions showed
a strong curvature, sign of a quite irreversible adsorption and breakthrough curves obtained under these conditions,
exhibit a high dissymmetrical shape for both proteins. In that case, a model of diffusion based on the adsorption
on two types of independent sites, with two intraparticle transfer coefficients, gives a good representation of the
breakthrough for adsorption of both proteins separately.

Binary mixtures of these components were prepared and injected in columns packed with the same support.
Competitive Langmuir equation, based on the results obtained in monocomponent batch experiments, give a very
good fit to our system. The intraparticle transfer in that case seems to be facilitated, and one effective coefficient
alone is enough to predict the breakthrough curves obtained. This behaviour may be the result of an increase of the
solution ionic strength, and of the smaller irreversibility feature of the adsorption when proteins are in competition.
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Introduction

There is considerable industrial interest in isotherm
scale-up and optimisation of chromatographic op-
erations used in the recovery and purification of
biomolecules. During one of the chromatographic steps
of the purification of an enzyme from a bacterial broth,
we faced the problem of the competition for adsorp-
tion on an hydroxyapatite gel between this enzyme and
several other proteins including albumin. Till now, hy-
droxyapatite supports (HA) have been used in a rather
empirical fashion for biomolecule separations. Since
their mechanical resistance has been improved (crys-
tals supported on macroporous silica (Bruno et al.,
1990) or agarentrapped (Sindhuphak et al., 1984)),

they represent a powerful potential for protein and
nucleic acid separations in aqueous systems even in
High Pressure Liquid Chromatography (Bruno et al.,
1990; Hjerten et al., 1988; Lindeberg et al., 1990). A
number of studies on chromatographic adsorption have
been made to try to understand the interaction mecha-
nisms involved in protein binding and elution (Bernardi
et al., 1972; Gorbunoff, 1984a, 1984b; Gorbunoff and
Timasheff, 1984; Kawasaki, 1991). But they still re-
main rather unpredictable since they depend mainly on
tridimensional protein structure and on high surface
densities or clusters of ionized groups. Furthermore,
they have never been quantified. It appeared then very
interesting to try to characterize and modelize mono
and further multicomponent protein adsorption on such
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a support. We chose two proteins, bovin serum albumin
(BSA) and bovin hemoglobin (Hb) to realize this study.

The major factors affecting the adsorption processes
in a chromatographic operation are the equilibrium and
the rate to reach this equilibrium. Here, we measure
adsorption isotherms of these two proteins separately
on a gel hydroxyapatite support (HA-Ultrogel, IBF-
Sepracor) at different pH. Assuming that the overall
resistance to diffusion may be represented by film and
internal diffusion, we first apply the equilibrium param-
eters obtained to the simulation of chromatographic
adsorption operations of BSA and Hb alone on HA-
Ultrogel. Then we study the multicomponent adsorp-
tion of both proteins. In order to put them in favourable
conditions for competition, we use chemical environ-
ment such as we obtain a great adsorption of both
of them, in an acid phosphate potassium buffer (pH
= 5.8), where their adsorption capacities are similar
and high.

Materials and Methods

Materials

HA-Ultrogel was purchased from IBF-Sepracor
(Villeneuve-la-Garenne, France). This gel belongs to
the class of agar-entrapped supports and HA crystals
are made according to Tiselius method (1956). This
support is stable for pH range between 4 and 13 and a
temperature range of 4 to 121◦C. Bead diameters range
from 60 to 180µm.

Proteins used in this study are bovin serum albumin
(A-7906) and bovin hemoglobin (H-2625) from Sigma.
BSA has a relative molecular mass of 66000 daltons
and an isoelectric point (pI) of 4.9, whilst Hb has a
relative molecular mass of 68000 daltons and a pI of
6.8. Because of the possible denaturation of proteins,
protein solution and support were usually conditioned
in a potassium phosphate buffer (KP buffer).

Batch Experiments

A concentrated protein solution is first dialysed against
dissolving solution in order to eliminate salts or other
pollution that might be in the freeze-dried protein pow-
der. This solution is filtered in order to eliminate non-
dissolved materials.

The support is washed in a column by two interstitial
volumes of concentrated potassium phosphate buffer
(0.5 M) before use and then conditioned with the appro-

priate solvent. In order not to damage the gel structure
we avoid drying it before use and choose to use settled
support quantities packed into small graduated micro-
tubes. The volume used is of 1.5 ml. The gel dry weight
for each batch experiment is determined afterwards
and corrected for weight of the adsorbed proteins. We
transfer the gel in a volumeV0 (20 ml) of protein so-
lution at a given initial concentrationC0. The Nalgen
tubes in which adsorption takes place are gently shaken
for 24 hours at room temperature (20◦C). The concen-
tration of the protein solution and the equilibrium pH
are then measured. TheC∗ protein concentration ob-
tained corresponds to a final volumeV which includes
V0 plus the external solvent volume in gel volume.

Analysis. BSA initial and final concentrations are
measured by UV absorbance at 280 nm. For hemo-
globin we use the wavelength of 406 nm. The optical
densities are converted to concentrations by reference
to calibration data.

Calculation. Adsorption isotherm points are calcu-
lated by mass balance in the batch:

q∗ = C0V0 − C∗V

m
with m = dry weight of

HA-Ultrogel. (1)

Packed-Bed Experiments

We use a glass column of 0.9 cm or 1 cm diameter de-
pending on the experiment. The volumetric flow rate
is around 1 ml/min in a downward direction. The sup-
port is conditioned with the buffer solvent. At time
zero the column is fed with the proteic solution and
follow in line the outlet stream by its optical density
with an Hitachi spectrophotometer (U-2000) having a
flow-through compact cell of 1 mm optical length. The
wave lengths used are 280 nm for BSA and 406 nm for
Hb. We also collect fractions at the column outlet which
are further analysed to check protein concentrations. In
the case of binary protein mixtures, the optical densities
are measured both at 280 nm and 406 nm in the frac-
tions collected. The latter value gives the hemoglobin
concentration alone. According to calibration data of
hemoglobin absorbance at 280 nm, we calculate its
contribution to the total optical density of the mixture
at 280 nm and deduce the absorbance of BSA alone in
the sample. Consequently, its concentration by refer-
ence to calibration data is determined.
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Experiments are stopped when the support is satu-
rated by the protein solution.

Results and Discussion

1. Properties of the Hydroxyapatite

One of the first users of hydroxyapatite (Ca10(PO4)6

(OH)2) for protein chromatography was Tiselius in
1956. Bernardi et al. (1972) studied adsorption/desorp-
tion of several amino acids and polypeptides, and these
studies were carried on by Gorbunoff (1984a, 1984b),
Gorbunoff and Timasheff (1984) and Kawasaki (1991)
on more than 20 proteins. Crystallographic and experi-
mental observations lead to the existence of two types
of adsorbing sites:

— The first, called calcium site, is composed by a
lack of hydroxyl ion on the crystal surface inserted
by two calcium ions. These ions carrying positive
charges can be compared to an anion exchanger site
on which a phosphate anion from a phosphate buffer
and a phosphate or carboxylic group on a protein
can adsorb. This takes place on a crystallographic
surface called “a” by Kawasaki (1991).

— The second type of site is a phosphate one. One
can consider two different phosphate sites consist-
ing of a lack of calcium ions, one surrounded by
six negatively charged oxygen atoms belonging to
three crystal phosphates, the other formed by three
oxygen atoms belonging to three other crystal phos-
phates. These “cation exchanger” sites are not lo-
calised on the same crystal surface as calcium sites.
This surface is named “c” (Kawasaki, 1991).

— Conclusions on thebehaviour of acid and neu-
tral proteins on hydroxyapatite were made by
Gorbunoff (1984a, 1984b); Gorbunoff and Timash-
eff (1984) and Kawasaki (1991) deduced from elu-
tion experiments in column.

— At a neutral pH, and acid protein like BSA (iso-
electric point pI< 5) would bind chiefly on calcium
sites by its carboxylic groups. It is only eluted by
anions such as phosphate ions, but not by chlo-
ride ions Cl− which have no ability to form com-
plexes with calcium. It is not eluted by monovalent
cations such as Na+ or K+ and furthermore divalent
cations (Ca2+ or Mg2+) reinforce its adsorption and
create new adsorption links.

— In the same conditions, a neutral protein like
hemoglobin (pI≈ 7) would adsorb on the two types

of sites. It is eluted by phosphate anions and mono-
valent cations but not by divalent cations (Ca2+ or
Mg2+) which would reinforce its binding to cal-
cium sites.

2. Equilibrium Isotherms of BSA and Hb

Conditions of isothermal adsorption experiments are
given in Table 1. Figures 1 and 2 show the effect of
pH on BSA and Hb adsorptions respectively, for a con-
stant KP buffer concentration of 10 mM. For a pH of
7.5, BSA was not retained anymore on this support.
Experiments of BSA elution on HA-Ultrogel, identical
to those achieved by Gorbunoff and Timasheff (1984)
on hydroxyapatite crystals were performed to appre-
ciate the mechanism of protein adsorption and are given
elsewhere (Fargues, 1993).

Figure 1 shows that BSA adsorption increases when
the pH of the solution decreases. For pH 7.5, 6.75 and
5.7, the BSA carries a net charge less and less negative

Table 1. Langmuir parameters calculated from exper-
imental results for BSA and Hb.

Langmuir parameters

Experimental conditions qs K
pH (mg/g dry) (ml/mg)

BSA 5.7 67 (±2) 19 (±2)

6.75 17.4 (±0.6) 0.7 (±0.1)

Hb 5.75 76 (±2) 165 (±40)

6.7 110 (±5) 4.5 (±0.8)

7.4 65 (±4) 1.3 (±0.3)

Figure 1. Effect of pH on equilibrium adsorption isotherms for
BSA on HA-Ultrogel in KP buffer 10 mM. Continuous lines corres-
pond to Langmuir equation.
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Figure 2. Effect of pH on equilibrium adsorption isotherms for
hemoglobin on HA-Ultrogel in KP buffer 10 mM. Continuous lines
correspond to Langmuir equation.

(respectively−15, −10 and−2) and also the ionic
strength of the buffer decreases (respectively 0.026 M,
0.02 M and 0.01 M) due to a decreasing concentra-
tion in divalent phosphate species of the buffer, HPO2−

4
ions. Generally, the global charge of a protein is only
an indication to the electrostatic interactions that may
occur, but it has been proved that it is rarely the main
parameter of the retention: local high concentrations of
same charges are the leader of adsorption and sterical
hindrance prevent all the ionised groups on the pro-
tein surface to interact with a support (Norde, 1986;
Regnier, 1987). It has even been noticed a maximal ad-
sorption for some proteins near their isoelectric points,
explained by a minimal denaturation of the protein at
this pH value when it exhibits its most compact shape
(Norde, 1986). At its pI, the molecule presents also
a minimum net charge, which minimises electrostatic
repulsions with an ionic surface (Koutsoukos et al.,
1982; Kopaciewicz et al., 1983). We notice the same
behaviour here, where adsorption is the highest for the
smallest net charge. But the fact that no adsorption
occurs under pH 7.5, where it exhibits a net charge
of −15, would show that few interactions are devel-
oped by anion exchange on the calcium sites. Some
experiments on BSA elution by potassium salts (KCl
and KP buffer) as made by Gorbunoff and Tinasheff
(1984) were achieved in columns and confirmed the
differences between HA-Ultrogel and hydroxyapatite
crystals: the BSA is eluted by the same molarity of
KCl solution than KP solution (Fargues, 1993). From
what was said in Part 1, if chloride ions elute the BSA
it means that this protein is not mainly adsorbed on
calcium sites. It probably binds partly on the two types

of sites, but with a predominant adsorption on phos-
phate sites. Great adsorption of the BSA at pH 5.7, is
then explained by the contribution of more numerous
positive local charges present on this macromolecule.
The weaker ionic strength of the buffer also goes in the
direction of a better adsorption.

For the hemoglobin, adsorption reaches a maximum
at pH 6.7, near the isoelectric point of the protein
(pI(Hb) = 6.8) (Fig. 2). According to De Bruin et al.
(1969), the net charge of Hb would be around+13
at pH 5.75, +5 at pH= 6.7 and−1 at pH= 7.4. In
the present case, the high adsorption found when Hb
carries a positive net charge would lead to the con-
clusion that adsorption on HA-Ultrogel would occur
mainly by cation exchange on phosphate sites. At
the lowest pH (5.75) the high positive net charge of
the protein leads to a strong electrostatic interaction
with the support which is shown by the strong curva-
ture of the isotherm. We have no definitive explanation
for the variation of the maximum adsorption capacity
between pH 6.7 and 5.75. This decrease is perhaps due
to a partial denaturation of the tetrameric hemoglobin
molecule.

The solid lines in Figs. 1 and 2 correspond to
Langmuir fit, which is the equation most commonly
used to describe adsorption phenomena in various sys-
tems:

q∗ = qsKC∗

1 + KC∗ (2)

with

q∗ = equilibrium concentration of adsorbed solute
(mg or mol/unit adsorbent)

qs = maximum concentration of adsorbed solute
(mg or mol/unit adsorbent)

C∗ = equilibrium solution concentration of solute
(mg or mol/unit solution)

K = Langmuir equilibrium constant or affinity
parameter (unit solution/mg or mol).

Despite the fact that the assumptions involved in Lang-
muir isotherms are seldom satisfied in the case of pro-
tein adsorption (Norde, 1986) it provides a good fit to
many systems. Its main assumptions are:

— one molecule adsorbs on one site and the number
of sites is limited;

— the adsorption is reversible;
— there are no lateral interactions between adsorbed

solute molecules.



               P1: AAL/EHE/DKR P2: EHE

Adsorption KL511-01-Fargues November 11, 1997 14:20

Adsorption of BSA and Hemoglobin 9

It has been used successfully by several authors to de-
scribe BSA adsorption (Leaver, 1984; Skidmore and
Chase, 1988; Skidmore et al., 1990; Yoshida et al.,
1993, 1994). Huang and Horvath (1987) used it for
peptides adsorption and Arve and Liapis (1987) or
Whitley et al. (1989) for proteins on several ion ex-
changers.

The Langmuir coefficients obtained are shown in
Table 1. They give a very good fit of Hb adsorption at
all pH values. The adsorption capacity of the protein
decreases at pH 5.75 compared to pH 6.7 but theK
affinity parameter increases: adsorption isotherm be-
comes nearly rectangular as discussed above and per-
haps partly irreversible, which could be due to some
denaturation of the protein. Concerning the adsorption
of BSA, the Langmuir equation represents the isotherm
at pH 6.75. At pH 5.7, a good fitting cannot be obtained
mainly due to the fact that experimental points are not
on a plateau. This is probably due to the fact that it
can bind on the two types of sites a and c. As adsorp-
tion on phosphate sites would be the most important, it
is probably the one that occurs mainly for small con-
centrations of BSA. When the concentration increases,
then the contribution of the second type of sites (cal-
cium sites) becomes more visible. This is shown in
Fig. 1 by the points forC > 4 g/l. As for Hb theK
value is higher at low pH.

This study provides parameters which are directly
usable for scale-up of chromatographic columns. We
conclude here on the relative similarity of behaviour
of the two proteins on HA-Ultrogel despite their very
different isoelectric points (pIHb = 6.8, pIBSA =
4.9). Albumin and hemoglobin in mixtures proba-
bly compete for adsorption on HA-Ultrogel by their
common adsorption on phosphate sites, by cation ex-
change. For adsorption in potassium phosphate buffer,
10 mM/pH= 5.7, they exhibit identical maximum ca-
pacities which would support the use of a competitive

Table 2. Packed-bed experimental conditions for mono-component adsorption fronts.

KP buffer (OD)o Co m Vr Vp Flow-rate
Protein 10 mM (1 mm) (g/l) (g dry gel) (ml) (ml) (ml/min)

BSA pH= 5.7 0.325 4.9 2.56 14.8 5.9 0.73
(280 nm)

Hb pH= 6.8 0.332 0.501 0.72 4.63 1.85 1.034
(406 nm)

pH = 5.8 0.314 0.47 0.84 5.5 2.2 1.03
(406 nm)

Langmuir equation for binary adsorption:

qs (hemoglobin) = 76 mg/g= 0.00112 mmol/g

(MWHb = 68000 daltons)

qs (albumin) = 67 mg/g= 0.00102 mmol/g

(MWBSA = 66000 daltons).

3. Packed-Bed Studies: Dynamic Adsorption

Frontal experiments were performed to test whether
isotherm results of BSA and Hb uptake on HA-
Ultrogel, as determined in stirred tank, could be used
directly to describe and further predict adsorption in
packed bed of this support.

(a) Single-Component Adsorption Fronts.Experi-
mental conditions are given in Table 2. Given the low
adsorption of BSA at neutral pH, we perform the ex-
periments with BSA at pH 5.8 only.

Breakthrough curve of the hemoglobin at pH 6.8 ex-
hibits a symmetrical shape, which is perfectly fitted by
a classical model based on a single and constant ef-
fective particle diffusion coefficientDe (Fig. 3). The
model developped to describe this curve is based on
the use of equilibrium isotherms of Langmuir type
as described before (Eq. (2)) and on two physical
limitations of kinetics, both diffusion of the protein
from the bulk solution to the particle surface and dif-
fusion within the gel particles. It also includes axial
dispersion in the column. The equations used are the
following:

• Differential mass balance of component i:

ui
∂Ci

∂z
+ ∂Ci

∂t
+ ρa

1 − ε

ε

∂q̄i

∂t
= Dax

∂2Ci

∂z2
(3)
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Figure 3. Experimental and calculated breakthrough curves of
hemoglobin on HA-Ultrogel in KP buffer 10 mM, pH= 6.8. Solid
and dashed lines are model results corresponding tok f = 10−3 cm/s
and respectivelyDe = 5 · 10−9 cm2/s andDe = 3 · 10−9 cm2/s.

where

ρa = density of solid phase
q̄i = average adsorbed solutei concentration

in the adsorbent particle= 3
r 3

o

∫ ro

0 r 2qi (r ) dr
ε = extraparticle bed porosity= 0.4.

ui = intersticial velocity

The axial dispersion coefficient is calculated from the
Peclet number based on particle diameter, Peag, which
is near 1:

Dax = ui d

Peag
(d = particle mean diameter).

• Film and particle diffusion

Film Diffusion. Mass transfer to the surface of the ad-
sorbent is governed by a film model characterized by a
mass transfer coefficientk f . Accumulation of the pro-
tein i in the gel at each point in the bed is expressed by:

d(ρaq̄i )

dt
= ask f (Ci − C∗

i ), (4)

whereC∗
i is the liquid phase concentration in equi-

librium with qi at the solution/particle interface (=
qi (ro)). Molecular diffusion coefficientsD of BSA and
hemoglobin being very similar (D ≈ 6·10−7 cm2/s ac-
cording to Cussler (1984) and Tyn and Gusek (1990)),
we use only one value for the external coefficientk f .
It is calculated according to the correlation given by

Kataoka et al. (1972) which corresponds to our hydro-
dynamic conditions.

Diffusivity within the Particle. A bead of HA-
Ultrogel is made of numerous hydroxyapatite crystals
entrapped in an agarose gel (IBF, Product information
200909IBF). It is considered as an homogeneous mate-
rial in which the solute diffuses in a manner described
by a constant effective particle diffusion coefficient,
De. This coefficient takes into account internal poros-
ity and tortuosity for proteini . Mass balance on a slice
dr of the particle gives the relation:

∂qi

∂t
(r, t) = Dei

(
∂2qi

∂r 2
+ 2

r

∂qi

∂r

)
(5)

whereqi = local concentration in the particle, function
of time and positionr . Dei will be adjusted on the
experimental monocomponent curves.

• Boundary conditions

In fluid phase:

for t = 0, Ci (z) = 0

for z= 0, ∀t, ui Ci = ui Cio + Dax
∂Ci

∂z

for z= L , ∀t,
∂Ci

∂z
= 0

In solid phase:

for t = 0, qi (r ) = 0

for r = 0, ∀t,
∂qi

∂r
= 0

for r = d

2
= ro, ∀t,

d(ρaqi )

dr
= k f

De
(Ci − C∗

i )

This model has been implemented in our laboratory
(Chue et al., 1993) and successfully used to represent
the adsorption on QMA-Sph´erosil and DEAE-
Sphérodex supports of the BSA and hemoglobin sep-
arately, respectively under pH 7 and 9 (Schanen et al.
(1992)).

In our case, Fig. 3 shows that the best fit is with
De = 5 · 10−9 cm2/s, value very close to the intra-
particle transfer coefficient found for hemoglobin by
Schanen et al. (1992) which wasDe = 3 · 10−9 cm2/s.

At pH 5.8, we notice that adsorption fronts for
hemoglobin (Fig. 4) as for BSA (Fig. 5) exhibit a great
tail towards the plateau value, aroundC/Co = 0.95,
whereas the initial part is much steeper. Simulations
by the previous classical model give a poor agreement,
and the internal coefficient should then be smaller than
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Figure 4. Experimental and calculated breakthrough curves of
hemoglobin on HA-Ultrogel in a KP buffer 10 mM, pH= 5.8. Solid
and dashed lines are model results corresponding tok f = 10−3 cm/s
and respectivelyDe = 0.8 · 10−9 cm2/s andDe = 3 · 10−9 cm2/s.

Figure 5. Experimental and calculated breakthrough curves of BSA
on HA-Ultrogel in a KP buffer 10 mM, pH= 5.7. Solid and dashed
lines are model results corresponding tok f = 10−3 cm/s and respec-
tively De = 1.5 · 10−9 cm2/s andDe = 2 · 10−8 cm2/s.

the values found by other authors: Concerning the
hemoglobin, we foundDe = 0.8·10−9 cm2/s, value six
times smaller than the one used for pH= 6.8. Concern-
ing the BSA,De = 1.5 · 10−9 cm2/s, to be compared to
De ≈ 2 · 10−8 cm2/s obtained by Graham et al. (1987)
and Van der Wiel (1989) respectively on Sephadex A-
50 and QMA-Spherosil. A lower value would produce
a premature breakthrough and exaggerate the tail ob-
served towards the plateau value; a higher one such as
2 · 10−8 cm2/s does not represent anymore the experi-
mental tail, and leads to a very delayed breakthrough
(Fig. 5).

Such disymmetrical shapes were noticed already in
the case of macromolecule adsorption, where sterical

hindrance as well as a tendency for an irreversible ad-
sorption play a huge role in intraparticle transfer lim-
itations. It was observed by Tsou and Graham (1985)
and Graham et al. (1987) for BSA adsorption on a gel-
like structure support, by Skidmore et al. (1990) for
BSA on S Sepharose FF, or Saunders et al. (1989) for
Phenylalanine on a strong cation exchange resin. It was
also demonstrated that accessibility to all paths in the
bead differs from one protein to another regardless to its
size (Kopaciewicz et al., 1987; Skidmore et al., 1990).
Models considering a restricted internal diffusion have
been developed in the case of the immobilization of
enzymes (Carleysmith et al., 1980; Clark et al., 1985;
Hossain et al., 1986, 1992). They take into account a
reduction of the effective cross section of the pores with
local concentration of immobilized enzyme.

To explain the results obtained here, we should re-
member that the shape of the adsorption isotherms in
that conditions for both proteins was very favourable,
nearly rectangular (Figs. 1 and 2 for pH around 5.8) and
a consecutive irreversibility of the adsorption occurs in
the external layers of the particle. This leads to great
sterical hindrance for adsorption into the deeper pores
of the bead. This irreversibility feature may be the re-
sult of a denaturation of the proteins at this pH value. It
was effectively shown by Kondo et al. (1992) that great
changes in secondary structure of Hb during adsorption
(reduction ofα-helix content) increased when the pH
decreased. On the contrary, Hb is not denatured at neu-
tral pH, corresponding to its isoelectric point (pI= 6.8):
the protein exhibits a denser shape, native one, leading
probably to reduced sterical effects (Andrade, 1986),
and adsorption isotherm is less favourable (Fig. 2, pH
6.8).

To take this reduced transfer kinetics into account,
we propose instead of Eq. (5), a kinetic model based on
the existence of two types of sites in the particle, sites 1
and 2, leading to two simultaneous intraparticular and
independent kinetics for the adsorption:

dq

dt
= αk1(q

∗ − q1) + (1 − α)k2(q
∗ − q2) (6)

with the linear approximation for the two particle dif-
fusion coefficients (Gluekauf, 1955):

k1 = 15D̄1

r 2
o

and k2 = 15D̄2

r 2
o

and

α = fraction of site 1.
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Figure 6. Experimental and calculated breakthrough curves of
hemoglobin on HA-Ultrogel in a KP buffer 10 mM, pH= 5.8. Solid
lines are model results correspondingk f = 10−3 cm/s and to Eq. (6)
with α = 0.7, D̄1 = 2 · 10−9 cm2/s andD̄2 = 1 · 10−10 cm2/s.

This qualitative model, based on three parameters,
gives a very good fit to our experiments at pH 5.8 (Fig. 6
for Hb and Fig. 7 for BSA). The simulations show that
the rapid adsorption on site 1 can be represented by
a diffusion coefficient 20 times higher than the lower
one. We also notice that adsorption for BSA is faster
than for hemoglobin, which reflects a smaller denatu-
ration state. The results show the opportunity of this
modeling.

(b) Binary Adsorption Fronts. In order to analyse
with the same solution dilution both hemoglobin and al-
bumin concentrations (by spectrophotometry), we use
a ratio Calbumin

Chemoglobin
= C2o

C1o
constant and equal to 10 in the

binary mixtures.
The development of the breakthrough curves for

BSA and hemoglobin for the three sets of experi-
mental conditions described in Table 3 are shown in
Figs. 8, 9, and 10. These breakthrough profiles are
typical of a competition for adsorption between two
species and breakthrough volume of each component
as well as the height of the plateau can be calculated

Table 3. Packed-bed experimental conditions for binary adsorption fronts.

Set C1o C2o m Vr Vp Flow-rate
no. (g/l) (g/l) C2o/C1o (g dry gel) (ml) (ml) (ml/min)

1 0.51 4.75 9.3 0.98 5.82 2.33 0.99

2 0.76 7.52 9.9 1.83 9.86 3.9 1.12

3 1.04 9.22 8.9 1.98 11.23 4.5 1.09

(Protein 1= hemoglobin, Protein 2= BSA).

Figure 7. Experimental and calculated breakthrough curves of BSA
on HA-Ultrogel in a KP buffer 10 mM, pH= 5.7. Solid lines are
model results corresponding tok f = 10−3 cm/s and to Eq. (6) with
α = 0.5, D̄1 = 8 · 10−9 cm2/s andD̄2 = 3 · 10−10 cm2/s.

Figure 8. Experimental breakthrough curves of bovin albumin and
hemoglobin mixture (set no. 1:C1o = 0.51 g/l;C2o = 4.75 g/l)
on HA-Ultrogel in KP buffer 10 mM, pH= 5.8. Solid lines are
model results corresponding to an optimized intraparticle coefficient:
De = 10−8 cm2/s− k f = 10−3 cm/s.

according to the equilibrium theory (De Vault, 1943).
BSA, which affinity for the support is ten times smaller
than the hemoglobin’s one (illustrated byK values,
Table 1) sees its concentration rise above its inlet
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Figure 9. Experimental breakthrough curves of bovin albumin and
hemoglobin mixture (set no. 2:C1o = 0.76 g/l; C2o = 7.52 g/l)
on HA-Ultrogel in KP buffer 10 mM, pH= 5.8. Solid lines are
model results corresponding to an optimized intraparticle coefficient:
De = 10−8 cm2/s− k f = 10−3 cm/s.

value, due to displacement phenomena by hemoglobin
molecules. Since the fraction of the amount adsorbed
of hemoglobin becomes higher than that in the fluid
phase, the weaker component (BSA) becomes in ex-
cess in the fluid phase and is then pushed to the front
of the column, proceeding faster than Hb. To describe
this competitive adsorption, we apply the competitive
Langmuir form. For componenti :

q∗
i = qsiKi C∗

i

1 + ∑n
i =1 Ki C∗

i

(7)

Langmuir parametersqsi and Ki are those deter-
mined in the single-protein batch experiments. Addi-
tional assumptions adapted to the competition should
be fulfilled:

— proteins in competition should exhibit the same
maximum adsorption capacities;

— they should interact in the same way with the sup-
port;

Table 4. Column adsorption results compared to batch experiment prediction (by competitive Langmuir
equation).

Set C1o q1o batch q1o column Adsorption C2o q2o batch q2o column Adsorption
no. (g/l) (mg/g) (mg/g) (%) (g/l) (mg/g) (mg/g) (%)

1 0.51 36.7 35.3 96 4.75 34.2 40.4 118

2 0.76 35.5 37.1 105 7.52 35.2 38.2 109

3 1.04 37.6 36.7 98 9.22 33.4 41.9 125

Figure 10. Experimental breakthrough curves of bovin albumin
and hemoglobin mixture (set no. 3:C1o = 1.04 g/l;C2o = 9.22 g/l)
on HA-Ultrogel in KP buffer 10 mM, pH= 5.8. Solid lines are
model results corresponding to an optimized intraparticle coefficient:
De = 10−8 cm2/s− k f = 10−3 cm/s.

— they should have equal sizes and distribution of
charges on their surfaces.

In our case, the thermodynamic consistency which
implies same maximum adsorption capacitiesqsi is ful-
filled (qsi values in mol/g), as well as common adsorp-
tion on phosphate sites.

Table 4 gives the amounts of each protein bound
to the support by mass balance from the break-
through curves compared to the equilibrium adsorption
calculated from the competitive Langmuir model. The
competitive model gives a good fit with the compe-
tition occurring between hemoglobin and albumin on
phosphate sites at pH= 5.8. We notice also that the
breakthrough profiles are much sharper than the ones
observed in the single component fronts even if we still
observe a little tail on Hb breakthrough. Using the clas-
sical intraparticle model (Eq. (5)) leads to very good
simulations, but with a ten times higher diffusion co-
efficient than found in single adsorption experiments:
De = 10−8 cm2/s.
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Conclusions

The competitive Langmuir equation, determined sim-
ply from monocomponent adsorption in stirred-tank,
describes perfectly the competition between BSA and
Hb for adsorption on HA-Ultrogel. This model should
be tested for the competitive adsorption of other pro-
teins on this support, proteins binding in a different
way on hydroxyapatite sites.

Concerning the kinetics of protein transfer from liq-
uid phase to the adsorption sites, we conclude that a
great intraparticle diffusion limitation occurs when pro-
teins adsorb separately at pH 5.8. This is the result of
sterical hindrance due to the layer of protein adsorbed
quite irreversibly. The gel structure of our support also
probably leads to the existence of very small pores in-
accessible during the time of a chromatographic experi-
ment. In that case, a model of intraparticle diffusion
based on the existence of two types of sites, adsorb-
ing proteins simultaneously and with two independent
kinetics, leads to a perfect fit of our results. It is quali-
tatively a very good model to fit huge limitation of
intraparticle transfer, as occurs much of the time when
protein adsorption is concerned.

When the two proteins adsorb simultaneously we ob-
tain a good agreement with a constant and single diffu-
sion coefficient. It seems that internal transfer is made
easier by the adsorption of two types of proteins in com-
petition. One idea for this acceleration of the internal
mass transfer could be the decrease in the hemoglobin
denaturation. The internal hydrophobic and Coulomb
forces are effectively important for the preservation of
the structure of the protein and it was shown that the
addition of a salt or an organic solvent to a protein solu-
tion, enhancing these internal interactions, stabilise the
structure of the protein (Norde, 1986; Regnier, 1987).
Here the presence at high concentration of the highly
ionised BSA would lead in an increase of ionic strength,
and the hemoglobin molecule exhibiting then a more
compact shape would progress easier into the pores of
the hydroxyapatite particles.

Nomenclature

α Fraction of site 1 in Eq. (6)
as External specific surface of the adsorbent par-

ticle, cm−1

BSA Bovin Serum Albumin
C∗ Equilibrium solution concentration of protein,

mg or mol/unit solution

Ci Liquid phase concentration of componenti in
column, mg/l solution

C∗
i Liquid phase concentration of componenti in

equilibrium with the adsorbed concentration
at the interface solution/particleqi (ro), mg/l
solution

Cio Inlet solution concentration of componenti in
column runs, mg/l solution

Co Initial solution concentration of protein in
batch experiments, mg or mol/unit solution

D Molecular diffusivity, cm2/s
d Particle mean diameter, cm
Dax Axial dispersion coefficient, cm2/s
D̄1 Intraparticle diffusion coefficient for site 1

(Eq. (6)), cm2/s
D̄2 Intraparticle diffusion coefficient for site 2

(Eq. (6)), cm2/s
Dei Intraparticle diffusion coefficient for compo-

nenti , cm2/s
ε Extraparticle bed porosity
HA Hydroxyapatite
Hb Hemoglobin
K Langmuir equilibrium constant or affinity pa-

rameter, unit solution/mg or mol
k f External mass transfer coefficient, cm/s
Ki Langmuir equilibrium constant for compo-

nenti , unit solution/mg or mol
KP Phosphate potassium (buffer)
m Dry weight of support, g
µ Dynamic viscosity, kg/s.m
MW Molecular weight, daltons
OD Optical density
Peag Peclet number based on particle diameter
pI Isoelectric point
q∗ Equilibrium concentration of adsorbed solute,

mg or mol/unit adsorbent
q1 Concentration of adsorbed solute on site 1

(Eq. (6))
q2 Concentration of adsorbed solute on site 2

(Eq. (6))
qi Local concentration of adsorbed solutei in

the particle, mg/g dry adsorbent
q∗

i qi (ro): Concentration of adsorbedi compo-
nent at the interface solution/particle in equi-
librium with C∗

i , mg/g dry adsorbent
qio Concentration of adsorbedi component in

equilibrium withCio, mg/g dry adsorbent
qs Maximum concentration of adsorbed solute:

adsorption capacity, mg/g dry adsorbent
qsi Adsorption capacity for componenti , mg/g

dry adsorbent
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q̄i Average adsorbed concentration of compo-
nenti in the particle, mg/g dry adsorbent

r Position in the particle, cm
ρa Density of solid phase, g/l
ro Particle mean radius, cm
t Time
ui Interstitial velocity, cm/s
V Effluent volume during a column run (ml) or

final volume of protein solution in batch ex-
periments, ml

Vo Initial volume of protein solution
in batch experiments, ml

Vp Breakthrough volume of unretained com-
pound (= ε.Vr ), ml

Vr Volume of packed bed, ml
z Position in the column
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