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a b s t r a c t

A mathematical model is proposed for the description of protein purification through membrane affin-
ity chromatography. The model describes all the three stages of the chromatographic cycle and takes
into account convection, axial dispersion and binding reaction kinetics in the porous membrane matrix,
while boundary layer mass transfer resistance is shown to be negligible. All the model parameters have a
precise physical meaning which enables their evaluation through separate experimental measurements,
independent of the chromatographic cycle. Model testing and validation has been performed with exper-
imental chromatographic cycles carried out with pure IgG solutions as well as with complex mixtures
containing IgG1, using new affinity membranes. The comparison between model calculations and exper-
imental data showed good agreement for all stages of the affinity cycle. In particular, for loading and
ffinity chromatography

rotein purification
athematical model
embrane column model

washing steps binding kinetics was found so fast that adsorption equilibrium was sufficient to describe
the observed behavior; as a result, the model simulations are entirely predictive for the adsorption and
washing phases. On the contrary, in the elution step the reaction rate is comparable to that of the other
simultaneous transport phenomena. The model is able to predict the performance of chromatographic

comp
purification of IgG from
pure IgG solutions.

. Introduction

Since its first introduction in 1953 by Lerman [1], the use of
ffinity chromatography by the biotechnology industry for the
anufacture of high purity products is continuously experiencing a

ast growth [2–4]. Affinity chromatography techniques exploit the
io-specific interactions between a target molecule and a proper

igand immobilized on a porous matrix. Generally, an affinity cycle
onsists of at least three subsequent stages: loading, washing and
lution. In the first step the sample is loaded to the affinity column
ntil the desired column saturation is reached; complete saturation

s eventually attained when all the affinity sites are occupied by
he target protein. After loading, the column is thoroughly washed
ith a suitable buffer in order to remove non-specifically adsorbed

pecies. Finally, in the last step the buffer is conveniently changed
n order to elute and recover the target molecule. A regeneration

tage is periodically required to restore the initial behavior of the
tationary phase.

Traditionally, affinity chromatography is performed in columns
acked with porous beads; however, slow diffusive mass transport,
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lex mixtures simply on the basis of the parameter values obtained from
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high pressure drops and bead compressibility represent some of
the drawbacks associated with such supports. In the last decades,
stationary phases allowing access to the active affinity sites only
through convective transport, such as microporous membranes,
are receiving increasing attention since they can actually over-
come the limitations listed above. Indeed, in comparison to affinity
beads, membrane affinity chromatography can operate at higher
flow rates and lower operative pressures; this translates into a
faster and more cost-effective purification process [5–9].

The analysis of mass transfer and kinetic phenomena involved
in membrane affinity chromatography may be useful to understand
the overall separation mechanism and is required for process opti-
mization and scale up purposes. To simulate the chromatographic
process different mathematical models have been proposed, char-
acterized by different complexity levels in the description of the
relevant mass transfer phenomena [10,11]. In order to accurately
take into account all mass transfer contributions that can possibly
play a role, a general rate (GR) model has also been developed [12].
The solution of the GR model requires considerable computational
time and/or advanced numerical algorithms, as well as the need of a
number of fitting parameters or empirical correlations to estimate

physical quantities that are a priori unknown [13–15].

The general rate model is often rearranged in simplified forms
in which different mass transfer processes are expressed as a single
term, as the lumped kinetic model or the lumped pore model con-
sidered by Guiochon et al. [16,17]. Of course, lumped models are

dx.doi.org/10.1016/j.chroma.2010.11.056
http://www.sciencedirect.com/science/journal/00219673
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uch simpler for computational purposes, however the physical
eaning of some of their parameters may disappear completely, as

t happens in the case of the unacceptable flow rate dependence of
he kinetic rate constant that has been reported by several authors
18–22], which seriously questions the applicability of the model
or process optimization and scale up purposes.

Other empirical approaches, as multivariable methods and prin-
ipal component analysis, evaluate the intervening parameters
hrough a complex and elaborated form of interpolation of available
ata [23]. However, their use outside the range of experimental data
onsidered in the instruction stage is not allowed, thus preventing
ne of the main uses of the model as scaling up the process.

In order to develop an effective simulation tool, reliable for pre-
iction, optimization and scale up purposes, the model must be
hysically based, as simple as possible and at the same time able to
escribe all the relevant physical phenomena which play a role. In
hat case, all the model parameters have a precise physical mean-
ng and their value can generally be obtained through separate
ndependent experiments. To that aim, the analysis starts from a
etailed inventory of the relevant mechanisms which affect the
eparation process and its kinetics; proper simplifications in the
quations of the general rate model can then be introduced on the
asis of order of magnitude estimations applied to the stationary
hase under investigation. Following this approach, the resulting
odel may also gain computational simplification without any loss

f reliability for predicting purposes and robustness.
In the present work, the latter approach is used to derive a suit-

ble and practical model for the description of protein purification
y means of membrane affinity chromatography. The proposed
odel has been formulated to describe all the three stages of mem-

rane affinity chromatography process. Indeed, many simulation
tudies are available for the description of the breakthrough pro-
le obtained in the adsorption stage [24–28] while, in contrast,
odeling analysis for the washing and elution stages is frequently

isregarded.
Finally, the proposed model is also used to simulate and pre-

ict complete chromatographic cycles experimentally studied for
he purification of human IgG from a complex feedstock using B14-
RZ-Epoxy2 affinity membranes under various different operating
onditions. The influence of flow rate and feed protein concentra-
ion on breakthrough and washing profiles as well as on the elution
eaks have been analyzed and discussed in detail.

. Theoretical

The general model suitable for the entire chromatographic cycle
ust account for the relevant kinetic and transport phenomena

ccurring inside the membrane column in all process stages; it must
escribe also the effects of fluid dynamics in the plant units, beyond
he affinity module, that are located between the feed reservoir
nd the detector cell analyzing the effluent solution concentration.
he membrane column model is based on the species mass bal-
nce over the membrane stack, including the kinetic equations that
escribe the binding/unbinding of the protein onto/from the immo-
ilized ligand. The system dispersion model describes the fluid flow
on-idealities occurring in all the volumes of the chromatographic
ystem external to the membrane column.

.1. System dispersion model
The concentration of the solutes is monitored in the feed tank
nd in the detector cell placed after the affinity column. Therefore,
he experimental system is composed of the membrane column and
f a series of ancillary external elements including pumps, valves,
n-line filters, tubing, fittings, column distributor and collector, etc.
. A 1218 (2011) 1677–1690

The overall volume of those elements is often of the same order of
magnitude of the membrane column volume, at least at laboratory
or pilot plant scale [29]. Thus the response of the chromatographic
system is also affected by the flow non-idealities occurring in all
the external elements, resulting in deviations from pure plug flow
behavior, globally indicated as system dispersion effects [30]. By
neglecting system dispersion the response of the chromatographic
system is not appropriately described and the simulation results
for the affinity unit cannot be properly compared in a quantita-
tive manner to the experimental results; in particular, neglecting
external system dispersion may result into an exceedingly large
axial dispersivity coefficient of the porous medium [31], as well as
in an incorrect estimation of equilibrium binding data [32].

The main flow non-idealities are due to mixing volumes and
dead volumes, therefore the simplest model that can simulate the
resulting behavior couples a continuous stirred tank reactor (CSTR)
and a plug flow reactor (PFR) in series, whose volumes are VCSTR
and VPFR, respectively; the total system volume, VSYS, external to
the chromatography bed can thus be divided into the following
contributions:

VSYS = VPFR + VCSTR (1)

Since in common chromatographic systems the external vol-
umes are mainly located upstream the affinity column, it is here
considered that system dispersion effects are globally condensed
before the membrane stack. Hence, the exit stream from the system
dispersion model, represents the inlet for the membrane column
model.

The species balance equations of the constant volume CSTR and
PFR are expressed as usual:

dcCSTR
i,out

dt
= F

VCSTR
(cCSTR

i,in − cCSTR
i,out ) (2)

cPFR
i,out =

{
0 for t < td

cPFR
i,in

for t ≥ td

(3)

where F is the volumetric flow rate, ci is the solute concentration
of the species i, subscripts in and out label inlet and outlet values,
respectively, and td = VPFR/F is the delay time associated to the PFR.
It is worth noticing that the position of the CSTR with respect to the
PFR has no influence on the system dispersion model results, since
a PFR causes a pure delay in the output response. In this work we
consider the configuration of a CSTR followed by a PFR and thus:

cCSTR
i,out = cPFR

i,in (4)

The initial condition for the CSTR, as well as its inlet concentra-
tion, cCSTR

i,in
, depend on the chromatographic process stage. At the

beginning of the loading step, i.e. at time tads
0 , there is no target

protein inside the chromatographic system, while the inlet protein
concentration corresponds to the feed protein concentration, ci,0,
thus:

cCSTR
i,out = 0 for t = tads

0 (5)

cCSTR
i,in = ci,0 for tads

0 ≤ t < twas
0 (6)

After loading, the washing step starts at time twas
0 , at which the

protein concentration in the system corresponds to the feed pro-
tein concentration whenever the adsorption step lasts for a time
span long enough with respect to the residence time in the system
volume. Also, during the washing step no protein is fed into the

system, thus:

cCSTR
i,out = ci,0 for t = twas

0 (7)

cCSTR
i,in = 0 for twas

0 ≤ t < telu
0 (8)
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It is worth noticing that, in view of the well known time evolu-
ion of concentration in a CSTR, (see e.g. Eq. (13) below), Eq. (7) is
trictly valid only if the feed volume in the adsorption step is larger
han about 3 · VCSTR, that is the volume needed to attain the 95% of
he feed concentration inside the CSTR, positioned before the PFR
n the system dispersion model. However, this condition is almost
lways true for laboratory scale and pilot plant set up. Alternatively,
he initial concentration for the washing step is equal to the final
alue resulting from the loading stage.

After the washing step elution starts at time telu
0 and the inlet

rotein concentration remains equal to zero. Consequently, the
rotein concentration exiting the system dispersion model is zero
hroughout the entire elution stage. Analogously to what pointed
ut for Eq. (7), this conclusion is strictly valid only if the washing
olume applied is larger than about 3 · VCSTR, which is a condition
sually satisfied in careful washing steps.

System dispersion affects also the eluent species that are intro-
uced during elution, whose concentration, ce, is given by a mass
alance similar to that used for the system dispersion model in the
dsorption step:

dcCSTR
e,out

dt
= F

VCSTR
(cCSTR

e,in − cCSTR
e,out) (9)

PFR
e,out =

{
0 for t < td + telu

0

cPFR
e,in

for t ≥ td + telu
0

(10)

CSTR
e,out = 0 for t = telu

0 (11)

CSTR
e,in = ce,0 for t > telu

0 (12)

Under the initial and boundary conditions considered, the sys-
em dispersion model leads to the following analytical solutions:

i,SD =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0 when tads
0 ≤ t <

ci,0

[
1 − exp

(
− F

VCSTR
(t − (td + tads

0 ))
)]

when td + tads
0

ci,0 when twas
0 ≤ t

ci,0 exp
(

− F

VCSTR
(t − (td + twas

0 ))
)

when td + twas
0

0 when telu
0 ≤ t

e,SD =
{

0 when tads
0 ≤ t <

ce,0

[
1 − exp

(
− F

VCSTR
(t − (td + telu

0 ))
)]

when td + telu
0 ≤

here ci,SD and ce,SD are the concentrations of protein and eluent
pecies, respectively, actually entering the membrane column due
o the system dispersion response.

.2. Membrane column model

The membrane column is schematically considered as an ideal
orous medium of total length L, with uniform porosity ε, and uni-
orm membrane capacity in the solid phase qm. The pore diameter
s assumed to be equal to the membrane mean pore diameter, dp,
ince it has been demonstrated that the effects of a pore size distri-
ution can be neglected when the membrane stack is sufficiently
hick [24,25]. The interstitial flow velocity, v, is constant and uni-
orm over the column as a result of an effective flow distribution
nd collection at the column inlet and outlet. Of course, if the flow
istribution in the radial direction is poor or not effective one needs

o use the local interstitial velocity at any point of the membrane
olumn, which can be determined experimentally from separate
ests. In our case, model validation is performed using experimen-
al data for which uniform velocity was actually detected and there
s no need to formally use an interstitial velocity which varies in
. A 1218 (2011) 1677–1690 1679

s + td

twas
0

as + td

telu
0

(13)

+ td
(14)

the radial direction [33,34]. This allows also to consider one dimen-
sional problem only, without the need to include radial variations
of the concentration values of all the species.

2.2.1. Relevant transport mechanisms
From a general standpoint, mass transport of a solute in the

fluid phase inside a porous medium may occur by axial convection,
axial dispersion and boundary layer mass transfer; other transport
mechanisms, such as axial diffusion or surface diffusion, are also
formally present but it was already shown that they are not rel-
evant in the case of microporous membranes and, based on that,
they are disregarded hereafter [25].

With the aim to simplify as far as possible the governing equa-
tions and to consider only the main transport phenomena involved
in the separation process, the characteristic time scales associated
to the relevant mechanisms are here examined. It is thus shown that
the relevant transport phenomena in membrane chromatographic
columns are axial convection and longitudinal dispersion, whereas
boundary layer mass transfer can be completely neglected. Such a
result is important since different interpretations have been given
about the main transport mechanisms relevant in membrane chro-
matography; indeed, different authors neglect the contribution of
boundary layer mass transfer [29,35,36] while several others do not
consider axial dispersion as a significant transport phenomenon
[24,27,30,37].

The characteristic time scales for axial convection, �C, longitudi-
nal dispersion, �L, and film boundary layer mass transfer between
bulk fluid and pore surface, �F, can be defined as [38]:

�C = L

v
(15)

�L = L2

DL
(16)

�F = ı

kF
(17)

where ı is the thickness of the diffusive layer, kF is the boundary
layer mass transfer coefficient between liquid and pore surface,
L is the membrane stack thickness and DL is the axial dispersion
coefficient.

An estimation of the boundary layer mass transfer coefficient
can be obtained by applying the well known film theory [38]:

kF ∼= Dm

ı
(18)

where Dm is the molecular diffusion coefficient. By considering that
half of the mean pore radius, namely dp/4, is a reasonable overesti-

mation for the thickness of the diffusive layer, the boundary layer
mass transfer time scale, �F, can be safely estimated as:

�F ∼=
(

dp

4

)2
1

Dm
(19)
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Table 1
Typical values of the variables used in membrane chromatographic processes.

Variable Value Reference

dp (cm) 10−4 [39–44]
v (cm/s) 10−4–10−2 [39–43]
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L (cm) 10−2–1 [40–44]
DL (cm2/s) <10−3 [19,26,39]
Dm (cm2/s) 10−7 [45]

The values of the parameters used for the evaluation of �C, �L

nd �F are reported in Table 1, as obtained from different litera-
ure sources which consider the purification of several proteins,
anging from lysozyme to immunoglobulin G, using different chro-
atographic modes and membrane modules that differ in scale and

onfiguration. The resulting characteristic time scales are:

�C
∼= 100–104 s

�L > 10−1–103 s

�F ∼= 10−2 s

It is apparent that the characteristic time for boundary layer
ass transfer is at least one order of magnitude lower than the time

cale for axial dispersion and two orders of magnitude lower than
he time scale for convection. More precisely, the value reported
f �F ∼= 10−2 s represents an upper limit which in practical applica-
ions will never be reached, since the boundary layer mass transfer
oefficient has been underestimated.

Thus, the boundary layer mass transfer is a fast transport
henomenon with respect to the other mechanisms involved in
embrane chromatographic separations, and its contribution to

he overall rate can be neglected in the mathematical formulation.
n the contrary, axial convection and longitudinal dispersion are

he most relevant transport phenomena and must be taken into
ccount.

This conclusion is supported also by the experimental evi-
ence reported by Gerstner et al. [46] who found that the height
quivalent to a theoretical plate (HETP) of a membrane column is
nsensitive to flow rate in experiments performed with two differ-
nt membrane packings, using human transferrin and cytochrome
as tracers.

A further evidence is offered by the experimental studies per-
ormed independently on membrane adsorbers by Frey et al. [47]
nd by Shiosaki et al. [48], who also concluded that axial dispersion
s the dominant transport mechanism in membrane chromato-
raphic media.

Based on the above conclusions and under the assumptions of
niform porosity and uniform interstitial velocity, the species mass
alance equation which properly describes the membrane column
ehavior becomes:

∂ci

∂t
+ εv

∂ci

∂z
= εDL,i

∂2ci

∂z2
− (1 − ε)

∂qi

∂t
(20)

here z is the axial coordinate and qi is the concentration of the
dsorbed protein per unit volume of stationary phase.

Danckwerts boundary conditions for frontal analysis are used to
ccount for axial dispersion at the front surface of the membrane,
nd mixing at the exit of the membrane [49]:

ci − DL,i
∂ci

∂z
= vci,SD for z = 0, t > 0 (21)

∂c
i

∂z
= 0 for z = L, t > 0 (22)

It is worth noticing that the protein concentration at the inlet of
he membrane stack is not equal to the protein concentration fed to
he system, ci,0, but it is rather the value ci,SD, due to the dispersion
. A 1218 (2011) 1677–1690

in the system preceding the membrane column and given by the
response of the external dispersion model (Eq. (13)).

Eq. (20) together with Eqs. (21) and (22) will be adopted for
all the three stages of the entire affinity cycle, while the specific
kinetic mechanism as well as the specific initial conditions must be
adapted to the single process stage considered.

2.2.2. Adsorption step
During loading the biological solution is fed into the column

and the target protein is adsorbed on the membrane active sites.
Throughout this stage, the concentration in the feed tank, ci,0, is kept
constant for t ∈ (tads

0 , twas
0 ), while the actual feed reaches the inlet of

the membrane column for t ∈ (tads
0 + td, twas

0 + td), with values given
in Eq. (13).

For homogeneous adsorption in a monolayer, the Langmuir
approach can be used successfully for the adsorption kinetics [50],
thus during loading the mass balance in the membrane column, Eq.
(20), becomes:

ε
∂ci

∂t
+ εv

∂ci

∂z
= εDL,i

∂2ci

∂z2
− (1 − ε)kaci

[
(qm − qi) − Kd

qi

ci

]
for 0 < z < L, tads

0 + td < t < twas
0 + td (23)

where Kd = kd/ka is the Langmuir dissociation equilibrium constant,
ka and kd are the kinetic constants for binding and unbinding reac-
tions and qm is the maximum binding capacity.

The general expression embodied by Eq. (23) can be further
simplified in the case in which adsorption and desorption are
much faster in comparison to convection and dispersion, so that
the protein–ligand reaction can be considered instantaneously
at equilibrium. Kochan et al. derived that under such conditions
the breakthrough curves must be independent of feed flow rate
[40]. This feature was indeed experimentally observed by several
authors studying different membrane chromatographic systems
[25,41,43,48], and it was also the case for the experimental system
under investigation [34,51].

If equilibrium is instantly attained between the mobile and solid
phases, the concentration of the target protein in solution, ci, and on
the support, qi, are directly related to one another by the Langmuir
isotherm:

qi = ciqm

ci + Kd
for 0 ≤ z ≤ L, tads

0 + td < t < twas
0 + td (24)

and the time rate of change of qi is only associated to the time rate
of change of the protein concentration in solution so that:

∂qi

∂t
= qmKd

(ci + Kd)2

∂ci

∂t
for 0 ≤ z ≤ L, tads

0 + td < t < twas
0 + td (25)

Thus, substituting this result into Eq. (20), the species balance
equation becomes:

∂ci

∂t

[
1 + (1 − ε)

ε

qmKd

(ci + Kd)2

]
+ v

∂ci

∂z
= DL,i

∂2ci

∂z2

for 0 < z < L, tads
0 + td < t < twas

0 + td (26)

The equation above represents the core of the so called equilib-
rium dispersive model for membrane chromatography, in which
the binding reaction is at equilibrium and dispersion is non-
negligible in the convective medium. The initial condition for Eq.
(26) indicates that at the beginning of loading there is no protein

in the column:

ci = 0 for 0 < z < L, t = tads
0 + td (27)

The situation described above characterizes efficient membrane
chromatographic modules where the characteristic reaction time
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or adsorption, �a = 1/kaci, is much shorter than all three relevant
haracteristic times due to convection, �C, axial dispersion, �L, and
urrent process, �P, namely when the following conditions hold
rue:

1 − ε)�a << ε�C ; (1 − ε)�a << ε�L; (1 − ε)�a << ε�P (28)

The process time scale is the time elapsed since the onset of
reakthrough. When Eqs. (28) are satisfied the species balance Eq.
20) simplifies into Eq. (26); alternatively, when the contribution of
inding/unbinding kinetics is not negligible, Eq. (20) becomes Eq.
23).

For the experimental system considered in the present work, the
onditions of Eqs. (28) are satisfied, as it will be verified in Section
.2.1, allowing the use of the equilibrium dispersive model.

.2.3. Washing step
After loading, for t ∈ (twas

0 , telu
0 ) the feed is changed into the

ashing solution which enters the membrane column in the time
nterval between twas

0 + td and telu
0 + td. Washing is ended when the

verall concentration of contaminants or undesired species in the
ffluent reaches the desired value of practically zero.

One of the major advantages of affinity chromatography over
ther chromatographic methods is represented by the high sta-
ility of the protein–ligand interactions, which are not disrupted
uring the washing step [37]. Thus, the concentration of the target
rotein specifically adsorbed on the support remains constant dur-

ng washing and the accumulation on the membrane surface is set
o zero:

∂qi

∂t
= 0 for 0 ≤ z ≤ L, twas

0 + td < t < telu
0 + td (29)

The mass transport equation during washing is represented by
q. (20) with the condition given by Eq. (29), so that the mass bal-
nce equation for the protein in solution in the membrane column
educes simply to the following form:

∂ci

∂t
+ v

∂ci

∂z
= DL,i

∂2ci

∂z2
for 0 < z < L, twas

0 + td < t < telu
0 + td

(30)

In laboratory scale experiments, it is common practice to load
he column until complete saturation, that is adsorption is ended
hen the protein adsorbed onto the membranes is in equilibrium
ith the protein concentration in the feed. Under those conditions,

he protein concentration in solution is equal to the feed protein
oncentration, and the initial condition for the washing step is:

i = ci,0 for 0 < z < L, t = twas
0 + td (31)

.2.4. Elution step
The mass balance equation for the elution stage, taking place in

he membranes for times greater than telu
0 + td, is again given by Eq.

20); the time rate of change of concentration of the immobilized
rotein, re = ∂ qi/∂ t, needs to be defined according to the appropriate
lution kinetics.

For non-selective elution, the buffer alters the local interactions
f the adsorbate–ligand complex promoting its dissociation. Under
hese conditions the dissociation kinetics is likely irreversible, since
hen the interactions between the ligand and the adsorbate are
isrupted the protein does not interact any longer with the affin-

ty support. The elution peaks experimentally observed are highly
ependent on flow rate (see e.g. Fig. 10) [34,51]; this observation

uggests that the time scale for elution is of the same order of mag-
itude of the time scale for convection, and thus it is not possible
o consider protein desorption during elution as an instantaneous
rocess. Moreover, it is appropriate to consider that the dissocia-
ion of the adsorbate–ligand complexes occurs in the column only
. A 1218 (2011) 1677–1690 1681

when the local eluent concentration, ce, exceeds a critical value,
ce,crit, which makes the elution reaction effective [52]. That can
be synthetically expressed by using the Heaviside step function,
u(ce − ce,crit), as multiplying factor in the elution kinetic equation.

In this work, two different elution kinetics are considered: (i) a
second order elution kinetics containing the concentrations of both
the eluting agent and the adsorbed protein:

re = ∂qi

∂t
= −ke,2 · qice · u(ce − ce,crit) for 0 ≤ z ≤ L, t > telu

0 + td

(32)

and (ii) a pseudo first order kinetic equation, where only the con-
centration of the adsorbed protein is explicitly present while the
eluent concentration is lumped into the elution kinetic rate con-
stant:

re = ∂qi

∂t
= −ke,1 · qi · u(ce − ce,crit) for 0 ≤ z ≤ L, t > telu

0 + td

(33)

After using the kinetic equations for the elution step, Eq. (32) or
(33), Eq. (20) is solved with the following initial condition for the
protein concentration in solution:

ci = 0 for 0 < z < L, t = telu
0 + td (34)

consistent with the fact that the washing step is ended when the
protein concentration in the liquid phase of the column is prac-
tically zero. The initial condition for the protein concentration on
the affinity support is expressed considering a uniform value in the
column, q0,e:

qi = q0,e for 0 ≤ z ≤ L, t > telu
0 + td (35)

Finally, since the elution kinetic equations, Eqs. (32) and (33),
contain the concentration of the eluent agent, ce, its calculation at
any time and axial position is also required, and therefore an addi-
tional species balance equation for the eluent is needed. In most
practical cases, the non-selective eluent is a small molecule, such
as an inorganic salt or a low molecular weight organic compound
[53]; thus boundary layer mass transfer is faster than for proteins,
and its presence, already negligible for proteins, can be disregarded
a fortiori for the eluent. In addition, a proper eluent does not adsorb
on the stationary phase, so that its mass balance in the membrane
column reduces to:

∂ce

∂t
+ v

∂ce

∂z
= DL,e

∂2ce

∂z2
for 0 < z < L, t > telu

0 + td (36)

where DL,e is the longitudinal dispersion coefficient for the eluent
species. The corresponding initial and boundary conditions are:

ce = 0 for 0 < z < L, t = telu
0 + td (37)

vce − DL,e
∂ce

∂z
= vce,SD for z = 0, t > telu

0 + td (38)

∂ce

∂z
= 0 for z = L, t > telu

0 + td (39)

where ce,SD is the eluent concentration entering the membrane
column and is determined from the system dispersion model, Eq.
(14).

2.3. Summary of the mathematical model

In order to provide a synthetic summary of the mathemat-

ical formalism discussed above, a schematical overview of the
sequence of apparatuses is reported in Fig. 1, while the fundamen-
tal equations adopted for each chromatographic stage involved in
the separation process are detailed in Table 2 together with their
corresponding initial conditions.
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Table 2
Summary of the relevant model equations.

Time Membrane inlet concentrations Equations governing the concentration in the
liquid solution in the membrane column

Adsorption tads
0 < t < tads

0 + td

{
ci,SD = 0

ce,SD = 0

tads
0 + td < t < twas

0

{
ci,SD = ci,0

[
1 − exp

(
− F

VCSTR
(t − (td + tads

0 ))

)]
ce,SD = 0

⎧⎪⎨
⎪⎩

∂ci

∂t

[
1 + (1 − ε)

ε

qmKd

(ci + Kd)2

]
+ v

∂ci

∂z
= DL,i

∂2ci

∂z2

initial condition : ci = 0

ce = 0Washing twas
0 < t < twas

0 + td

{
ci,SD = ci0

ce,SD = 0

twas
0 + td < t < telu

0

{
ci,SD = ci,0 exp

(
− F

VCSTR
(t − (td + twas

0 ))

)
ce,SD = 0

⎧⎨
⎩

∂ci

∂t
+ v

∂ci

∂z
= DL,i

∂2ci

∂z2

initial condition : ci = ci,0

ce = 0
Elution telu

0 < t < telu
0 + td

{
ci,SD = 0

ce,SD = 0{
ci,SD = 0

lu))

)]
⎧⎪⎨ ∂ci

∂t
+ v

∂ci

∂z
= DL,i

∂2ci

∂z2
+ (1 − ε)

ε
re

3
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telu
0 + td < t

ce,SD = ce,0

[
1 − exp

(
− F

VCSTR
(t − (td + te

0

. Determination of model parameters

One of the most important issues in model development and
nalysis is represented by the procedures followed to determine
he numerical values of the model parameters. The main advantage
f physically based mathematical models, as the one considered in
he present work, resides in the fact that all the model parameters
ave a precise physical meaning, which generally allows for their
etermination through separate experimental tests independent of
he process under investigation.

In the following, the procedures adopted to obtain the values
f the model parameter through independent measurement are
riefly presented and discussed. An important tool to that aim is
epresented by the conventional method of statistical moments
pplied to the chromatographic peaks resulting from a narrow
ectangular pulse injection of the sample solution into the sys-
em [54,55]. This method is an effective approach to derive the
ctual volume, porosity and dispersion coefficient of the membrane
edium.
The first moment, �1, and the second central moment, �2, of a

hromatographic peak are expressed as follows:

1 =
∫ ∞

0
cj(L, t) · t dt∫ ∞

0
cj(L, t) dt

(40)

=
∫ ∞

0
cj(L, t) · (t − �1)2 dt∫ (41)
2 ∞

0
cj(L, t) dt

here cj(L,t) is the concentration of the probe species j at the exit
ection, at time t.

Fig. 1. Experimental set up schematization for modeling purposes.
⎪⎩ ∂ce

∂t
+ v

∂ce

∂z
= DL,e

∂2ce

∂z2

initial conditions : ci = 0; qi = q0,e; ce = 0

Since for the system under investigation the external volumes
are of the same order of magnitude of the membrane column vol-
ume, it is necessary to consider also their contributions to the first
moment and to the second central moment, in addition to that
arising from the injection of the probe. Each source of band spread-
ing has a separate and additive contribution to the two moments
[56,57], and thus the following relationships hold:

�tot
1 = �mem

1 + �inj
1 + �ext

1 (42)

�tot
2 = �mem

2 + �inj
2 + �ext

2 (43)

where superscripts tot, mem, inj and ext label the first moments
(�1) and the second central moments (�2) of the overall plant
unit, membrane column, injection pulse and external volumes,
respectively. The injection terms depend only on the time dura-
tion of the pulse, tp, according to the simple relations �inj

1 = tp/2

and �inj
2 = tp

2/12 [58]. The external contributions are determined
by performing analogous pulse experiments in the absence of the
stationary phase.

For stacked membrane columns, when pulse experiments are
carried out under non-adsorbing conditions, the following relation-
ships for the two moments hold true:

�mem
1 = L

v
≡ Vmem

F/ε
(44)

�mem
2 = 2LDL

v3
(45)

where the right-hand side of Eq. (44) is obtained by multiplying
numerator and denominator by the membrane frontal area A and
Vmem is the total membrane volume. These useful relationships
are extensively used to determine the void fraction and the axial
dispersion coefficient of the porous medium.

3.1. External dispersion system
The system dispersion model contains two unknown variables,
namely the PFR and the CSTR volumes, VPFR and VCSTR, respectively.
The external system volume, VSYS, may be properly measured from
pulse experiments obtained in the absence of the membrane stack
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Table 3
Determination of the model parameters used in the simulations.

Model Parameters Eq. no. Evaluation source Independent from dynamic
chromatographic cycles

External system dispersion Vsys Eq. (46) Moment analysis Yes
VCSTR Eqs. (13) and (14) Best fit of system dispersion experiments Yes
VPFR Eq. (1) External volume constraint Yes

Membrane properties ε Eq. (47) Mercury intrusion porosimetry; moment analysis Yes
˛ Eq. (50) Moment analysis Yes

Column model
Adsorption stage qm Eq. (24) Best fit of equilibrium binding data Yes

Kd Eq. (24) Best fit of equilibrium binding data Yes
ka Eq. (23) Best fit of breakthrough curvesa No

–
Best
Best
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D

Washing stage – –
Elution stage ke Eqs. (32)and (33)

ce,crit Eqs. (32) and (33)

a The adsorption kinetic rate constant is not a fitting parameter in the present wo

y applying the first moment analysis [59,60]:

SYS = F�ext
1 (46)

Thus, in view of Eq. (1) only one value, e.g. VCSTR, is left to char-
cterize completely the external dispersion system. Such a value
an be obtained by best fitting Eqs. (13) and (14) to the concen-
ration profiles of the probe species exiting the system after a step
ncrement in the feed concentration. Therefore, both parameters
haracterizing the external system dispersion are obtained from
eparate independent measurements.

.2. Static and dynamic properties of the porous medium

The properties of the porous membrane entering the model are
he total porosity, ε, and the axial dispersion coefficient, DL; both
arameters can be obtained independently of the chromatographic
ycle.

A number of different experimental methods are available for
he evaluation of the void fraction of a porous medium [61]. In
articular, it can be either measured directly through intrusion
orosimetry experiments, or alternatively through the method of
oments using Eq. (44):

= F

Vmem
�mem

1 (47)

In the present work the void fraction was measured by mercury
ntrusion porosimetry [62] and compared with the value obtained
rom the method of moments.

The dispersion coefficient is normally estimated through the
oment analysis technique and, in the absence of direct measure-
ents, can be calculated by empirical equations such as the Chung

nd Wen [63] or the Gunn [64] correlations. However, the latter
elationships are specifically developed for columns packed with
pherical beads, and equivalent studies are not yet available for
orous membranes.

In passing, we note that some authors consider the value of DL

oincident with the molecular diffusion coefficient, Dm, [16,28,37],
ut that assumption is rather poor in general and suffers from a

ack of theoretical basis; in fact, it has been shown that the two
oefficients may differ by several orders of magnitude [61].

The axial dispersion coefficients, DL,j, of each species j, are deter-
ined by applying the method of moments through Eqs. (44) and

45), and in general conditions they vary with the chemical species

onsidered. However, for uniform porous media completely filled
ith a single fluid phase, when the superficial velocity is uniform

nd Pe > > 1, the axial dispersion coefficient reduces to [65]:

L = ˛v (48)
–
fit of elution peaks No
fit of elution peaks No

d whenever binding equilibrium holds true.

where ˛ is a geometrical parameter independent of the molecular
species usually indicated as dispersivity coefficient. Consistently,
every solute in the mobile phase has the same value for the disper-
sion coefficient:

DL,i = DL,e = DL (49)

In view of Eqs. (45) and (48) one has:

˛ = L

2
�mem

2

(�mem
1 )2

(50)

Therefore, both parameters ε and DL characterizing the porous
medium are obtained from independent separate measurements.

3.3. Adsorption isotherm

The equilibrium adsorption isotherm given by Eq. (24) con-
tains two parameters: the maximum binding capacity, qm, and
the equilibrium dissociation constant, Kd. Both parameters can be
determined by best fitting of binding equilibrium data, which are
obtained independently of the chromatographic separation pro-
cess.

3.4. Kinetic parameters

The kinetic parameters entering the species mass balance equa-
tions of the model are: (i) the adsorption kinetic constant, ka,
entering the description of the adsorption cycle, Eq. (23), when-
ever the adsorption kinetics is not very fast; (ii) the elution kinetic
constants, ke,1 or ke,2, appearing in the simulation of the elution
step, Eq. (32) or (33), respectively.

Both adsorption and elution kinetic parameters are intrinsically
associated to the chromatographic process and cannot be deter-
mined through independent experiments. They must be used as
adjustable parameters to best fit the experimental data observed for
the adsorption and the elution stages, respectively. In addition, con-
sistently with their physical meaning, both ka and ke,1 or ke,2 must
be independent of feed concentration as well as of fluid velocity
in the porous medium. That is indeed a very strong and important
constraint which is crucial for model validation.

In any event, from the comparison with the experimental data
obtained in the present work it is possible to conclude that in
the loading step equilibrium conditions between mobile and solid
phase are attained very rapidly so that binding equilibrium applies.
Therefore, binding/unbinding reaction kinetics do not affect the

actual profile of the breakthrough curves and consequently the
adsorption rate constant is no longer an adjustable parameter
required by the model.

Finally, the elution kinetic equations contain also the critical
eluent concentration, ce,crit, as model parameter. Since its direct
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Table 4
Operating conditions of the experiments performed on the reference system [34,51].

Operating parameter Conditions inspected

c0 (mg/ml) 0.14; 0.24; 0.27; 0.48; 0.92; 1.05; 1.34; 1.47; 2.03; 2.15
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Table 5
Volumes obtained for the system dispersion model.

F (ml/min) v (cm/h) VSYS (ml) VPFR (ml) VCSTR (ml)

is 2.44 ml, namely more than 6 times higher than the membrane
column volume (0.38 ml, see Table 6). That further strengthens
the critical need of considering external system dispersion in the
modeling of membrane chromatographic processes, at least at lab-
oratory scale.

Fig. 2. Size exclusion chromatogram of the cell culture supernatant and retention
times of the IgG and the pseudo-components representing the impurities present
in the complex feed.
v (cm/h) 29; 58; 145; 290

F (ml/min) 1; 2; 5; 10

easurement is in general not simple and it is highly affected
y experimental errors, it has been considered as an additional
djustable parameter for the elution stage.

In summary, the model description of the adsorption step may
ontain one adjustable parameter, ka, when the binding reaction is
elatively slow, whose value is independent of feed concentration
nd flow rate, or no adjustable parameter when the adsorption rate
s so fast that instantaneous equilibrium holds between liquid solu-
ion and chromatographic support. The latter case was observed for
he experimental data used in model validation. The elution step
ontains two adjustable parameters, namely the kinetic constant,
e,1 or ke,2, and the critical eluent concentration, ce,crit, whose values
re both independent of feed flow rate.

The parameters entering the model proposed are listed in
able 3 together with the indication of the procedure used for their
ndependent measurements.

. Model validation

.1. Experimental reference system

The experimental system considered to perform model valida-
ion is the purification of human IgG by using B14-TRZ-Epoxy2
ffinity membranes. A layered stack of 5 membranes 2.5 cm in
iameter was inserted into a low protein adsorption cartridge and
onnected to an FPLC Akta Purifier 100 (GE Heathcare, Milan, Italy).
he affinity membranes were preliminarily tested by feeding pure
gG solutions under the different operating conditions reported
n Table 4. The details of the experimental procedures and of the
esults obtained are reported in separate works [34,51].

In addition, affinity cycles were performed with a cell culture
upernatant containing monoclonal human IgG1 at a concentra-
ion of 0.12 mg/ml. The flow rates investigated are 1 and 5 ml/min,
orresponding to interstitial velocities in the membranes of 29 and
45 cm/h, respectively. Several other impurities are contained in
hat sample, beyond the target protein IgG, as it can be observed
rom the SEC chromatogram reported in Fig. 2 obtained with a
rootema 300 column (PSS, Mainz, Germany) after calibration with
io-Rad Gel Filtration Standards (Biorad, Milan, Italy). For simula-
ion purposes the contaminants are conveniently lumped into four
seudo-components, labeled as PC-1 to PC-4, respectively, charac-
erized by their retention times indicated in the inset of Fig. 2.

.1.1. System dispersion curves
In order to determine the values of VPFR and VCSTR characterizing

he external volumes, system dispersion experiments have been
arried out in the absence of the membrane stack, using a 0.4% ace-
one solution in water. The system dispersion experiments were
erformed as a conventional chromatographic cycle: the tracer
olution was fed during the adsorption and elution steps, while
uring washing pure water was fed to the apparatus. The results
how that the system dispersion parameters, VPFR and VCSTR, do not

epend on the specific chromatographic stage considered. In par-
icular, the values of total system volume and of the PFR volume
ppeared to increase slightly as the flow rate increased, while the
STR volume remained constant, as it is shown in Table 5 and in
ig. 3. That behavior, which may appear an unexpected inconsis-
1 29 2.48 ± 0.06 1.77 ± 0.02 0.71 ± 0.04
2 58 2.49 ± 0.05 1.82 ± 0.02 0.67 ± 0.03
5 145 2.55 ± 0.03 1.87 ± 0.02 0.68 ± 0.01

10 290 2.72 ± 0.08 2.01 ± 0.10 0.71 ± 0.02

tency, is indeed an artifact due to the time needed by the AKTA
system for valve switching, which may artificially lead to higher
volumes at higher flow rates. That is evident from the linearity
between the calculated PFR volume and the volume flow rate,
shown in Fig. 3 (R2 = 0.992), where the slope of 1.5 s corresponds
to the time delay associated to valve switching. Accordingly, the
effective value of VPFR is represented by the intercept at zero flow
rate, i.e. 1.75 ml, while the constant CSTR volume is 0.69 ml. Both
values of VPFR and VCSTR do not depend on flow rate, indicating
that under the operating conditions investigated the regions of the
system characterized by plug flow and mixing are globally well
defined. Finally, it is worth remarking that the total system volume
Fig. 3. Effect of the flow rate on the PFR (�) and CSTR (o) volumes obtained from
the system dispersion model.
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relevant conclusions under general conditions, as it is required for
process optimization and scale up purposes.
ig. 4. Comparison between the experimental (o) and simulated (–) system disper-
ion curves for all the chromatographic stages. Interstitial flow velocity of 58 cm/h.

With the above values the typical comparison between simula-
ion and dispersion experiments is reported in Fig. 4, showing the
bility of the external dispersion model to describe the observed
ehavior during the whole cycle.

.1.2. Affinity membrane properties
Pulse experiments were performed in the presence of the mem-

rane stack using a 40% acetone solution as non-adsorbing tracer.
he probe was injected from a 50 �l loop over a wide interval of
nterstitial velocities, ranging from 7 to 290 cm/h. Contributions
rom the extra column volumes were accounted for through system
ispersion, as described in section 4.1.1.

The total porosity was estimated following two independent
ethods: the value resulting from the first moment analysis is

.545 ± 0.068, while mercury intrusion porosimetry gave a value of

.585 [62]. Since the two estimations are consistent and coherently
ith the fact that other membrane parameters were estimated

hrough the moment analysis, model simulations were conducted
sing the former value.

The dispersivity coefficient in the membrane, ˛, was calculated
rom the first and the second moments using Eq. (50), obtaining a
alue of 0.104 ± 0.013 cm.

Although static equilibrium data are available in the liter-
ture for the system under investigation [51], their direct use
as prudently not considered since important differences have

een reported between equilibrium data determined by static and
ynamic methods [29,66]. Therefore, binding equilibrium data in
ynamic conditions were calculated by integration of the area
ehind the experimental loading curves up to 100% breakthrough,
fter the due correction for system dispersion effects [32]. The
esulting data are reported in Fig. 5, and are properly described by
he Langmuir adsorption isotherm shown by the continuous line.
The membrane physical properties and the Langmuir param-
ters obtained through independent measurements of dynamic
inding capacity represent input data for the simulation model
nder study, and are summarized in Table 6.

able 6
eometrical constants and Langmuir parameters of the experimental reference sys-

em [34,51].

Variable Value

L (cm) 0.10a

A (cm2) 3.80
Vmem (ml) 0.38
ε 0.545
˛ (cm) 0.104
Kd (mg/ml) 0.037
qm,100% (mg/ml) 6.97b

a Total length for a stack of 5 membranes.
b Value reported per unit solid volume.
. A 1218 (2011) 1677–1690 1685

4.2. Affinity cycles performed with pure IgG solutions

The model proposed to describe membrane affinity adsorbers
has been detailed for all three affinity chromatographic steps, lead-
ing to a different set of PDE for each step. The relevant equations
have been implemented in Aspen Custom Modeler simulation envi-
ronment. The values of VPFR and VCSTR determined in Section 4.1.1
as well as the membrane properties reported in Section 4.1.2 are
used as fixed input to the model.

The mathematical model is then used to simulate the experi-
mental chromatographic cycles recorded at all feed concentrations
and flow rates inspected. The choice of the solution strategy mostly
depends on the chromatographic stage considered. In general, if
adsorption cannot be considered infinitely fast, model simulations
over the adsorption stage involve only one adjustable parameter,
namely the adsorption kinetic rate constant, ka. However, in the fol-
lowing it is demonstrated that for the system under investigation
the protein–ligand interaction can be considered instantaneously
at equilibrium, thus ka is no longer an adjustable parameter and
the model is fully predictive for the loading stage. For the washing
step, in general, the model does not require any fitting parameter
after system dispersion has been characterized and is thus used in a
predictive mode also for this stage. Finally, for the simulation of the
elution stage two fitting variables are present, namely the elution
kinetic constant, ke,1 or ke,2, and the eluent critical concentration,
ce,crit.

The evaluation of the adjustable parameters has been carried
out by applying the weighted least squares minimization method
included in the software. It is worth noticing that parameter esti-
mation was obtained by best fitting simultaneously the whole
experimental data set at all feed flow rates and concentrations,
and not considering separately the different flow rates or con-
centrations of the various affinity cycles performed. Hence, all the
simulations use the same numerical values of the fitting parame-
ters for all the operating condition considered. On the contrary, in
order to obtain a seemingly superior fitting, many authors prefer to
adjust the values of the fitting parameters for each specific operat-
ing condition adopted [18–22]. The latter procedure has two main
drawbacks: first, the physical meaning of the adjustable parame-
ters could vanish, as it is the case of the kinetic constant which
are best fitted at very different values for different operating flow
rates [18–22]; in addition, in this case the model cannot be consid-
ered fully validated and thus cannot be reliably used to extend the
Fig. 5. Dynamic equilibrium binding data and Langmuir adsorption isotherm of
human IgG onto B14-TRZ-Epoxy2 membranes.
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Fig. 6. Qualitative example of experimental and simulated breakthrough curves.
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.2.1. Adsorption stage
In order to limit product loss and maximize productivity, in com-

on practice the adsorption step is ended at the breakthrough
oint, when the effluent concentration reaches 10% of the feed
alue. Consequently, for industrial applications the onset of break-
hrough is the most important portion of the entire breakthrough
urve, which exploits only a small fraction of the theoretical adsorp-
ion capacity of the column. Nevertheless, in order to pursue a
roper description of the actual breakthrough curve, with the pos-
ible exception of the behavior very close to complete column
aturation at most, the conservative decision has been taken to
escribe the experimental curves as accurately as possible up to
0% breakthrough, thus considering a concentration range much

arger than the one associated to the 10% breakthrough commonly
onsidered in process practice.

The choice to focus the attention on the range up to 80% break-
hrough for the simulation is motivated also by the fact that close to
omplete saturation, say above 80% BTC, the breakthrough curves
sually show an approach to the final asymptotic value much
lower than the one calculated by using any simple model kinet-
cs able to follow the initial branch of the BTC curve, indicating
hat different behaviors come into play in protein adsorption as
he final surface saturation is approached. The actual reasons for
hat behavior is not yet completely clear, even though it appears
ssociated to protein–protein interactions at high surface cover-
ge, where steric hindrance effects may be important [67–69], and
ossibly also to non-specific binding [29] or multilayer adsorption
ffects [70]. Disregarding what happens above 80% breakthrough
mplies also to consider in the simulations a reduced value of the

aximum membrane capacity in order to be able to capture the
ctual lower portion of the breakthrough curve. In fact, we realize
hat use of the entire qm value as input to the model would lead
o a poor simulation not only of the final branch of the experimen-
al curve, necessarily overestimated as already mentioned, but also
f the initial branch, which correspondingly would be underesti-
ated, due to the fact that the area above the breakthrough curve
nd below the system dispersion curve (see Fig. 6) measures the
otal dynamic binding capacity at 100% breakthrough. Therefore, in
rder to enable the model to simulate well the breakthrough curve
p 80% BTC, neglecting the unspecified complex mechanism inter-
ening above that value, we need to consider an effective reduced

ig. 8. Comparison between the experimental (o) and simulated (–) breakthrough curve
0 = 1.05 mg/ml; (c) v = 145 cm/h, c0 = 1.47 mg/ml; (d) v = 290 cm/h, c0 = 2.15 mg/ml.
Fig. 7. Ranges of the reaction, convection, longitudinal dispersion and process char-
acteristic times in Eqs. (28) for the system under investigation and under the
operating conditions studied.

value of the maximum binding capacity, qm,eff, not including the
amount which is adsorbed through a different mechanism close
to saturation. Such a reduced value is estimated in a simple way
by inspecting the typical behavior shown in Fig. 6. It is apparent
that the total amount of protein adsorbed in the solid phase associ-
ated to the breakthrough of the simulation model which describes
well the experimental curve up to 80%, is given by two contribu-
tions: the first is the saturation reached up to 80% BTC, or DBC80%,
indicated by the dashed area in Fig. 6; the second is the small
amount indicated by the black area in Fig. 6. The latter is always
smaller, or even much smaller, than 4% DBC80% for all flow rates and

feed concentrations investigated. Therefore, in general the effec-
tive maximum binding capacity, qm,eff, is to all practical purposes
the saturation reached at 80% breakthrough for the highest feed
concentration, ci,∞, which lead to the maximum dynamic binding

s at different operating conditions. (a) v = 29 cm/h, c0 = 0.48 mg/ml; (b) v = 58 cm/h,
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apacity:

m,eff = DBC80%|ci=ci,∞ (51)

That value is thus the effective maximum binding capacity to use
s input to the model, in order to make the simulation potentially
ble to offer a good representation of the breakthrough curve up to
0%.

From the experimental BTC curves observed for the mem-
ranes used in the present work for all concentrations we obtain
hat DBC80% = 0.627DBC100%; the corresponding saturation value
f 62.7% is consistent with the results obtained by Montesinos-
isneros et al. who report saturation values at 80% BTC in range
etween 0.38 and 0.71 [28].

After determining the effective binding capacity, the validity
f the conditions reported in Eqs. (28) must be checked in order
o determine whether the binding reaction is or not at equilib-
ium in the adsorption step. To that aim, the kinetic rate constant
as first estimated by fitting the dynamic experiments using the
on-equilibrium model, Eq. (23), considering Langmuir reversible
inetics. The best fitted value for the adsorption kinetic rate con-
tant, ka, was equal to 808.3 ± 59.3 ml/(mg min). The comparison
etween the characteristic time scales presented in Eqs. (28) for the
ystem under investigation, with the operating conditions adopted,
s reported in Fig. 7.

For every flow rate and feed concentration investigated, the
eaction time scale is much smaller than both the process time and
he characteristic time scales for convection and longitudinal dis-
ersion. Therefore, reaction kinetics is much faster than the other
ain transport mechanisms, so that equilibrium may be considered

or the adsorption reaction.
In addition, the time scale for convection, �C, ranges between

.2 and 12.4 s, while the characteristic time for axial dispersion, �L,
aries between 1.2 and 11.9 s. The two phenomena have character-
stic times of the same order of magnitude, confirming that axial
ispersion is one of the major transport mechanisms occurring in
embrane adsorbers.
Consequently, the equilibrium dispersive model, Eq. (26), was

pplied to generate the simulations of the breakthrough curve for
he system studied. In the absence of adjustable parameters the
imulations are completely predictive and their typical comparison
ith experimental results is presented by the examples reported

n Fig. 8.
The simulations of the adsorption step are in apparent good

greement with the experimental results up to 80% breakthrough.
emarkably, the dispersive equilibrium model is able to properly
escribe the slope at the onset of breakthrough; on the contrary,
hould system dispersion effects be neglected, the resulting break-
hrough curve would show a sudden steep increase in the outlet
oncentration in correspondence of column saturation [71]. It is
ossible to conclude that breakthrough broadening in the initial
ront of the adsorption curve is accounted for well by the dispersive
erm at all flow rates and concentrations considered.

Near membrane saturation, significant broadening occurs and,
s already discussed, the model prediction deviates from the
xperimental curve, with deviations depending on the operating
ondition.

.2.2. Washing stage
No adjustable parameters are present in the simulations of the

ashing curves. Typical model calculations obtained under differ-
nt operating conditions are reported in Fig. 9, together with the

xperimental data collected.

Clearly, the simulations describe rather well the experimental
ata in almost the entire washing curve, capturing properly the fast
oncentration decline; however, the experimental concentration
ails at longer times are slightly underestimated by the simula-
. A 1218 (2011) 1677–1690 1687

tions, starting at solute concentration lower than approximately
0.14 mg/ml, equivalent to an absorbance signal around 40 mAU.

The washing step is conservatively carried out by feeding 50
column volumes of washing buffer, much more than the 10 col-
umn volumes usually recommended in affinity purifications [72].
At the end of the washing step the experimental curves reach
the UV baseline indicating that no protein is further released. The
amount of protein washed out during this stage, averaged over all
the chromatographic runs performed, is equal to 23.7% of the pro-
tein totally adsorbed during breakthrough, while the residual 76.3%
still remains bound onto the membranes and cannot be washed out
but only subsequently eluted.

4.2.3. Elution stage
Very little work on the simulation of the elution step in affinity

chromatography is available in the literature, and only a few papers
consider membrane adsorbers devices [19,22]. In the latter works,
however, the values of the fitting parameters are adjusted for every
operating condition investigated, obtaining in particular different
values of the kinetic constants at different flow rates; hence it is
very difficult to believe that model validation in the elution step
was achieved.

The main mathematical difference between the description of
adsorption and elution is represented by surface reaction kinet-
ics. To a first order approximation, it is plausible that the elution
mechanism involves irreversible kinetics given by Eq. (32) or (33),
which contain two parameters given by the elution kinetic rate
constant, ke,1 or ke,2, and by the critical eluent concentration, ce,crit.
Clearly both factors cannot be determined from independent mea-
surements and must be considered as fitting parameters.

In particular, since desorption is very sensitive to pH changes,
the effective eluent has been considered as H+, so that the critical
eluent concentration, ce,crit, was equivalently reported in terms of
critical pH value as:

pHcrit = − log [H+]crit = − log[ce,crit] (52)

The critical pH represents the second fitting parameter for the
elution stage.

Some relevant experiments are compared in Fig. 10 with simu-
lation results generated using the two proposed kinetic equations,
Eqs. (32) and (33). The values of the two adjustable parameters were
obtained by best fitting the model calculations to all the experimen-
tal elution curves obtained at all feed flow rates and concentrations
inspected; the resulting values are listed in Table 7.

The shape of the experimental elution peaks vary with eluent
flow rate, and in particular their height decreases with increas-
ing flow rate, while the total amount of protein recovered is not
affected by linear velocity [34,51]. Simulations are able to describe
the same trend, although they do not fit the experimental results as
well as they did for the adsorption and washing stages. In particu-
lar, at the higher flow rate investigated the simulated peak is taller
and narrower than the experimental result; vice versa, at the lower
superficial velocity the model leads to a peak lower and wider with
respect to the observed one. That trend is more pronounced for the
pseudo first order elution kinetics, which is more influenced by flow
rate changes, while the second order elution kinetics is affected to
a minor extent. That is reflected by the time scale for elution calcu-
lated from the best-fitted values of the elution kinetic rate constant:
for the second order elution kinetics one has �e = 1/(ke,2 · ce) = 2.03 s,
while �e = 1/ke,1 = 5.71 s for the pseudo first order elution kinetics. In
both cases, however, the characteristic time of desorption is com-

parable to those of convection and axial dispersion, which justifies
the significant variation of the elution peaks with flow rate.

An additional difference between the simulations generated
using the two kinetic equations can be observed at the onset of the
elution peaks, where dispersion effects are present and the eluent
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Fig. 9. Comparison between the experimental (o) and simulated (–) washing curves at different operating conditions. (a) v = 290 cm/h, c0 = 0.48 mg/ml; (b) v = 145 cm/h,
c0 = 1.05 mg/ml; (c) v = 58 cm/h, c0 = 1.47 mg/ml; (d) v = 29 cm/h, c0 = 2.15 mg/ml.
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ig. 10. Comparison between experimental (o) and simulated elution curves at d
seudo first order elution kinetics; dotted lines: pH profile. (a) v = 29 cm/h, c0 = 0.48
0 = 2.15 mg/ml.

oncentration is still increasing towards its feed value. Using the
econd order kinetic equation the elution rate is initially smaller
nd then increases as the eluent concentration increases, leading
o peaks smoother than those calculated by the pseudo first order

inetics, which, on the contrary, gives sharper front peaks due to a
aster protein desorption rate, at the critical pH, independent of the
luent concentration. The second order kinetic equation is clearly
ore satisfactory to describe elution.

able 7
est fitted values of the adjustable parameters in the elution stage.

Elution kinetic equation ke

Second order reaction, Eq. (32) (93.48 ± 2.52) × 103 ml/
Pseudo first order reaction, Eq. (33) 10.51 ± 0.20 1/min
nt operating conditions. Solid lines: second order elution kinetics; dashed lines:
l; (b) v = 58 cm/h, c0 = 1.05 mg/ml; (c) v = 145 cm/h, c0 = 1.47 mg/ml; (d) v = 290 cm/h,

Finally, the introduction of the critical pH in the elution
mechanism is capable to return model simulations that approx-
imate well the starting point of the experimental peaks. The
main effect produced by the presence of a critical eluent con-

centration is to properly delay in time the simulated peaks,
which instead would start much earlier if the elution onset
would begin as soon as the eluent contacts the membrane
surface.

pHcrit

(mg min) 4.8 ± 0.2
4.7 ± 0.2
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ig. 11. Comparison between the experimental breakthrough and washing curves
or the two main pseudo-components and the system dispersion model. Linear
elocity of 145 cm/h. PC-1 (�), PC-2 (x), simulation (–).

.3. Affinity cycles performed with the cell culture supernatant

In the case of chromatographic cycles performed with cell cul-
ure supernatant one needs to describe separately the behavior of
he different impurities and that of the monoclonal IgG present. The
our pseudo-components, which globally represent the impurities,
o not interact directly with the ligand which is specific for IgG, and
herefore they are considered as inert species, whose breakthrough
nd washing curves can be calculated in an entirely predictive way
sing the system dispersion model only, with the same values of
odel parameters already determined.
The experimental breakthrough and washing curves for the two

ajor pseudo-components are reported in Fig. 11 together with
he simulation results. The ability of the system dispersion model
o predict the experimental data is outstanding. This important
esult is a clear indication of the absence of interactions between
he impurities contained in the complex feed and the B14 ligand
mmobilized on the membranes investigated.

Based on that, the interactions between ligand and IgG are
xpected to be unaffected by the impurities present in the com-
lex mixture. Accordingly, the adsorption behavior of IgG has been
imulated by using the column model coupled with the system dis-
ersion model as it has been done for pure IgG solutions, using
he same values of the model parameters which were obtained for
ure IgG solutions. It is possible to remark that the breakthrough
urves for IgG broaden close to the saturation conditions, similarly
o what already observed for the adsorption curves of pure IgG
olutions.

Two comparisons between experimental measurements and

imulation results are presented in Fig. 12 for two different operat-
ng conditions. The excellent agreement that is apparent up to 80%
reakthrough clearly demonstrates the robustness and predictive
bility of the model, as well as the reliability of the assumptions

ig. 12. Comparison between the experimental (o) and simulated (–) breakthrough and w
t two different linear velocities. (a) v = 29 cm/h and (b) v = 145 cm/h.
. A 1218 (2011) 1677–1690 1689

made. In parallel, such results also indicate the high specificity of
the immobilized ligand towards the IgG species, which allow to cal-
culate the chromatographic behavior of complex mixtures simply
on the basis of the parameters obtained for pure IgG solutions.

Unfortunately, as a consequence of the limits of the fraction
collector in the AKTA instrumentation, the frequency of collected
fractions in the elution stage was not sufficient to guarantee a
detailed description of the experimental elution peak, as it is
required for a proper comparison between simulation and experi-
ments. However, in the adsorption and washing steps the behavior
of IgG contained in the complex feed could be reliably predicted
by the model previously calibrated with experiments carried out
by feeding pure IgG solutions. Therefore it is very reasonable to
expect that also during elution the proposed model will hold with
the same values for the kinetic constant and critical pH resulting
from the simulations of pure IgG tests, since the elution stage con-
tains a much smaller amount of impurities than the adsorption and
washing stages.

5. Conclusions

A mathematical model for the description of protein purification
through membrane affinity chromatography has been studied. The
model considers all the steps of a complete chromatographic cycle:
adsorption, washing and elution, as well as the external system
dispersion, and leads to predictive simulations for adsorption up to
80% BTC and for washing, at all concentrations and flow rates.

Time scale analysis indicated that boundary layer mass transfer
can always be disregarded with respect to axial convection and
longitudinal dispersion in the membrane.

The model is physically based; all its parameters have a pre-
cise physical meaning and their values can generally be obtained
through independent measurements of dynamic binding capacity,
different from the chromatographic process; this feature confers
solidity and predictive ability to the model. Only the parameters
that are intrinsically associated to the adsorption/elution kinetics
are considered as adjustable parameters and are best fitted to the
experimental chromatographic data; in all cases they are indepen-
dent of fluid flow rate, according to their physical meaning.

The reference system used to validate the model is the sep-
aration of human IgG from a cell culture supernatant by using
B14-TRZ-Epoxy2 affinity membranes. In order to check the effec-
tiveness of the proposed model, a broad data set of affinity cycles
the model and to determine the kinetic parameters of adsorption
and elution. The results of the simulation model describe very well
the experimental data and show reliability in several aspects; in
particular:

ashing curves for the IgG species in the runs performed with the complex feedstock
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(i) the independence of the breakthrough curves from flow rate
is well explained by the equilibrium binding reaction between
IgG and the immobilized ligand, which appears to be a general
feature for membrane chromatographic systems;

(ii) the slope of the adsorption and washing curves is well
described by the dispersive term of the mass balance equa-
tion, which is a crucial contribution to describe the behavior of
membrane adsorbers;

iii) model simulations over the elution stage are able to represent
the general trend of the experimental elution peaks, espe-
cially with regard to their flow rate dependence, indicating
that elution rate has the same order of magnitude of the other
mass transport mechanisms, and is described by an irreversible
kinetic equation.

Application of the model to describe the experiments performed
ith cell culture supernatant is entirely predictive, based on the

inetic parameters obtained for pure IgG solutions. The simulations
re in excellent agreement with the experimental data both for
he impurities and for the IgG species, without the need of any
dditional fitting parameter.

The proposed model is thus fully validated for the system
nvestigated, and can be considered a reliable tool also for other
xperimental systems and other affinity membrane chromatogra-
hy devices, either for process design or for optimization and scale
p purposes.
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