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Abstract

The use of permeable packings in perfusion chromatography for protein separation is reviewed. Mass transport
mechanisms in large-pore materials include forced convection in addition to diffusive transport. The key concept in perfusion
chromatography is the *‘augmented” diffusivity by convection which explains the improved efficiency of perfusive packings
compared with conventional supports. An extended Van Deemter equation has to be applied when calculating the height
equivalent to a theoretical plate (HETP) of chromatographic columns with flow-through particles. It is shown that the effect
of forced convective flow in pores is to drive the separation performance between diffusion-controiled and equilibrium
limits. A methodology to understand mass transfer mechanisms in permeable packings is proposed. Experimental results for
protein separation by high-performance liquid chromatography in new packing media are discussed. Simulated moving bed
technology is addressed. © 1997 Elsevier Science BV.
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1. Introduction

The need for ‘large-pores” or throughpores
(above 1000 A) associated with diffusive (small)
pores has long been recognized in the patent litera-
ture in relation with catalyst preparation for reaction
engineering applications [1,2]. In permeable pack-
ings intraparticle forced convection is a mass trans-
port mechanism which must be considered in addi-
tion to diffusive transport. Permeable materials con-
taining ‘‘large-pores’” are also used in chemical
engineering as adsorbents, HPLC packings, mem-
branes, building materials or supports for biomass
growth and cell culture. Examples include poly-
styrene materials for HPLC like POROS (PerSeptive
Biosystems, USA) with pores of 7000 A in diameter.
A review of materials and processes used in sepa-
ration engineering applications is shown in Table 1.

There are several ways of eliminating or reducing
intraparticle mass transfer resistance as illustrated in
Fig. 1, namely: (i) coating a nonporous support with
an active species: this is the case of pellicular
packings which have the disadvantage of low capaci-
ty; (i1) reducing the particle size: this leads to a
decrease of the diffusion time constant but at the
expense of higher pressure drop in the column and
(iti) increasing particle permeability by carefully
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providing large pores for transport connected to
smaller diffusive pores: this is the situation in
perfusion chromatography.

New packing materials for chromatographic sepa-
ration of proteins have been developed in the last
decade and can be classified in several groups [8]: (a)
homogeneous cross-linked polysaccharides; (b)
macroporous polymers based on synthetic polymers;
(c) tentacular sorbents and (d) materials based on the
concept of “‘soft gel in a rigid shell”.

The first group include particles such as agarose
which have good capacity. The second group of
packing is used in ‘“‘perfusion chromatography”
[18,19] whose high speed is possible because of the
augmented diffusivity by intraparticle convection.
Chromatographic media as POROS Q/M have

pelticular HPLC packings

e porous particles:
reduce particle size

flow-through particles:
improve particle permeability

Fig. 1. Ways of reducing intraparticle mass transfer resistance.

Table 1

“Large-pore” materials for protein separation

Adsorbent Materials Process References
Alumina (Unisphere, Biotage, USA) HPLC 3]
Polystyrene (PL4000, Polymer Laboratories, UK) HPLC [4]
Polystyrene (POROS, PerSeptive Biosystems, USA) HPLC [5.6]
Silica gel (Daisogel SP 2705, Daiso) HPLC [71
Hyper D (BioSepra, USA) HPLC [8,9]
TSK-PW (Toso-Haas, Japan) HPLC [10]
Fractogel (E. Merck, Germany) HPLC [11]
Silica (Nucleosil, Macherey-Nagel, Germany) HPLC [12]
Hydroxyapatite (HA Type S, Koken Bioscience Institute, Japan) HPLC [13]
Macro-Prep 50 (Bio-Rad Labs., USA) Membrane chromatography [14]
CM and DEAE MemSep (Millipore, USA) Membrane chromatography [15,16]

Pall (Dreieich, Germany)

Membrane chromatography [17]
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“throughpores” with a diameter of 6000-8000 A
and short diffusive pores of mean diameter 500—
1000 A. This combination allows proteins to enter
more readily into the diffusive pores. “‘Perfusion
chromatography” allows better column efficiency
and higher separation speed than with conventional
packings. The materials in group (c) are designed in
such way that interaction between proteins to be
separated and interactive groups is faster. Finally,
materials in group (d) are developed in order to
combine good sorption capacity of soft gels and
rigidity of composite materials. Materials in this
group are marketed under the name of Hyper D
media (BioSepra, Villeneuve la Garenne, France).

The objectives of this review paper are: (i) to
address mass transport mechanisms in permeable
packings leading to the concept of ‘‘augmented”
diffusivity by convection and show how it explains
the improved performance of perfusion chromatog-
raphy; (ii) to suggest a methodology for experimen-
tal studies on protein separations aiming at the
characterization of chromatographic media and (iii)
to describe simulated moving bed technology for
bioseparations.

2. The concept of “augmented” diffusivity by
convection

The use of permeable or flow-through particles has
been increasing recently in relation with proteins
separation by high-performance liquid chromatog-
raphy (HPLC). The effect of intraparticle forced
convective flow (viscous flow or Poiseuille flow) due
to a total pressure gradient was noticed when
measuring effective diffusivities by chromatographic
techniques. The analysis of experimental results was
first made with the conventional model which in-
cludes diffusion inside pores (in fact an ‘“‘apparent”
diffusivity D, lumping the ““true” diffusivity D, and
convection). The “apparent” effective diffusivity D,
was found to increase with the flow-rate. The
enhancement of diffusivity by convection was named
“augmented” diffusivity as explained by Rodrigues
et al. [20]. For unretained species a simple relation
between the ‘‘apparent” effective diffusivity, the
“true” effective diffusivity and the intraparticle mass
Peclet number was presented.

The key concept behind the improved performance
of flow-through packings (gigaporous in Horvath’s
nomenclature, [21]) in adsorptive processes for
protein separation [5,6], e.g., HPLC is that of
intraparticle diffusivity augmented by convection
inside transport pores [20]. In fact, the “augmented”
diffusivity D, is related to the effective diffusivity D,
by:

D,=D—— (1

3 1 1
where f(/\)=x i /)

The key parameter is the intraparticle Peclet
number A defined as the ratio between the time
constant for pore diffusion 7, and the time constant
for intraparticle convection 7, i.e., A=vyl/D, where
{ is the characteristic dimension of the adsorbent
particle and v is the intraparticle convective velocity
inside large-pores. Eq. (1) was derived on the basis
of model equivalence between a complete model
including mass transport inside pores by diffusion
(D,) and convection and a simpler model which
lumped diffusion and convection in an ““apparent” or
“augmented” diffusivity D,. The enhancement of
diffusivity by intraparticle convection 1/f(A)=D,/
D, as a function of A is shown in Fig. 2. There are
two limiting situations: (i) diffusion-controlled case
— at low bed superficial velocities u,, the intraparti-
cle convective velocity v, is also small; therefore
f(A)=1 and so 15C=De; (ii) convection-controlled
case — at high superficial velocities u,, and therefore
high v, and high A, we get f(A)=3/A; the augmented

B/o_] /

0.1 1 2 10 100

Fig. 2. Enhancement factor D,/D, as a function of intraparticle
Peclet number A.
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diffusivity is then D, =D, A/3=v,l/3 which depends
only on the particle permeability, fluid viscosity and
pressure drop across the particle. For spherical
particles /=R /3 where R, is the radius of the
sphere in the calculation of the intraparticle Peclet
number A [3,22].

3. Perfusion chromatography

In the following section we will discuss the
application of the key concept of ‘‘augmented”
diffusivity by convection in perfusion chromatog-
raphy of proteins.

3.1. Elution chromatography: the extended Van
Deemter equation

The Van Deemter equation [23] for species linearly
adsorbed in conventional packings of sphere geome-
try can be written as:

B 2 e(l—gh’
HETP=A+—+—¢ STyl
uo 15 [, + €,(1 — €,)b]

)

where €, is the intraparticle porosity, €, is the bed
porosity, b=1+{(1—¢,)/€e,}m is the adsorption
equilibrium parameter for a linear isotherm with
slope m, and the time constant for diffusion is 7,=
epRi/De. In a condensed form, the Van Deemter
equation is:

HETP = A + B/u, + Cu, (3)

2 (1-¢)b’
where terms A, B and C=—1—§ =Ty
(6 + €,(1 — €,)b]

account for the contribution of eddy dispersion,
molecular diffusion and intraparticle mass transfer to
the HETP. The A term has been written in a semi-
empirical form as proportional to uy with n=0.33
[24]. The velocity dependence of the A term is
explained by some authors as a result of flow profiles
in the bed; however, at high velocities the A term
becomes constant.

For large-pore packings since D,=D,/f(A) or 7=
7,{(A) the extended Van Deemter equation [25,26] is:

B
HETP=A + . + Cf(AM)u, (Rodrigues equation)
0
@

The Van Deemter equation for conventional sup-
ports (dashed line) and Rodrigues equation for large-
pore supports (full line) are shown in Fig. 3 for a
typical HPLC process. At low velocities f(A)=1 and
both equations lead to similar results. However, at
high superficial velocities, f(A)=3/A, and therefore
the last term in Rodrigues equation becomes a
constant since the intraparticle convective velocity v,
is proportional to the superficial velocity u,. The
HETP reaches a plateau which does not depend on
the value of solute diffusivity but only on particle
permeability and pressure gradient (convection-con-
trolled limit). Permeable packings allow improved
column performance since HETP is reduced when
compared with conventional packings (the C term in
Van Deemter equation is reduced). Moreover, the
speed of separation can be increased (by increasing
the superficial velocity) without losing column ef-
ficiency. Experimental results similar to the full line
in Fig. 3 have been reported in HPLC of proteins
[27-29] and in size-exclusion chromatography
(SEC) [10,30].

The theoretical framework reviewed above allows
complete calculations for linear perfusion chroma-
tography. Protein separation by HPLC using large-
pore packings is an area where the effect of in-
traparticle convective flow (of the order of 1% of the
total flow through the bed) is sufficiently important
to enhance the low diffusion coefficient for proteins

100
L4
g 80f Ry
= # conventionsl supports
a 60} s
| 4
) ’
= 40} ,/
/ large-pore supports
20+
o . n s L
0.0 0.2 0.4 0.6 0.8 1.0
U,, em/s

Fig. 3. HETP versus u, {Van Deemter equation for conventional
packings and Rodrigues equation for large-pore packings).
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(=5-1077 cm®/s); therefore, intraparticle Peclet
numbers A of the order of 30 are easily obtained.
However, if the kinetics of adsorption/desorption at
the active sites of the packing is given by dq, /dt=
k,c; —k,q, (where ¢/ and g, are the species con-
centrations in the fluid phase inside pores and in
adsorbed phase, respectively and k, and k, are the
kinetic constants for adsorption and desorption) the
extended Van Deemter equation accounting for axial
dispersion, film mass transfer, intraparticle diffusion,
intraparticle convection and kinetics of adsorption/
desorption at the fluid/solid interface becomes [31]:

HETP= A + 2+ crd i+ —— 201
= uo Td () Blm b2¢(21 MO

(5)

Parameters accounting for film mass transfer are
the Biot number Bi,=kR /D, and the Thiele
modulus ¢, based on the desorption kinetic constant
with qu =7,k,. Fig. 4 shows the effect of adsorption/
desorption kinetics (¢b,;) on the HETP versus u, plot.
The performance of permeable packings is still better
than that of conventional materials. In the extreme
case of very slow adsorption/desorption kinetics the
performances of both types of packings are very
poor. One has to stress that intraparticle convection
just enhances pore diffusivity but has no effect on
the mechanism of adsorption/desorption. The exten-
sion of the Van Deemter equation to the case of
bidisperse adsorbents containing macropores and

200
=0 ,f ! ¢d

1501

HETP, pm
)
S

501

b=2

06 08 1.0 1.2
u,, cm/s
Fig. 4. Effect of adsorption/desorption kinetics on HETP vs. u,

curves (dashed lines: conventional supports; full lines: permeable
packings).

micropores has been made by Carta and Rodrigues
[22].

3.2. Frontal and displacement chromatography

In frontal chromatography a feed of constant
concentration is passed through the column; at the
outlet, the concentration as a function of time or
eluted volume is the breakthrough curve. From the
equilibrium theory of chromatography it is well
known that compressive fronts are obtained in the
case of favorable (Langmuir type) adsorption
equilibrium isotherms. Moreover, in the presence of
dispersive effects (axial dispersion, intraparticle mass
transfer) the concentration wave will keep the shape
as it moves through the bed (constant-pattern); the
velocity of the concentration wave is equal to the
shock velocity u ,=u,/[e, +(1—~¢,)Ag,/Ac;)] and
depends on the slope of the chord connecting points
representing the ‘“feed state” and the “‘bed initial
state”.

For a binary mixture of proteins with favorable
isotherms the less adsorbable protein will leave the
bed in first place and can will reach a plateau at
concentration higher than the feed. This is the “‘roll-
up’’ phenomenon. Fig. 5 shows a sketch of the outlet
concentration as a function of time for a binary
mixture; the solution of the equilibrium model with
axial dispersion is the full line and the solution of a
pore-diffusion model is the dashed line. The effect of
intraparticle convection is to drive the solution from

10,

diffusion/convection

A=15 \{"ﬂ/

equilibrium

diffusion

42 44
0

3.2 34

Fig. 5. Effect of intraparticle convection on the breakthrough
curves of a binary mixture.
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diffusion
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0.0 i
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Fig. 6. Displacement chromatography of a binary mixture A/B with displacer C.

the diffusion case to the equilibrium case as shown
with the dotted line.

Displacement chromatography is a powerful pre-
parative technique for the separation of proteins.
Feed species are bound to the column and then a
displacer with higher affinity is passed through the
column, creating a region of high concentration feed
components adjacent to the displacer front. Fig. 6
compares chromatograms when a displacer C was
used to separate a mixture of A and B; the solutions
of the equilibrium + axial dispersion model (full line)
and pore-diffusion model (dashed line) are shown.

4. Protein separations
4.1. Methodology for experimental studies

In this section the methodology for experimental
studies in protein separations by HPLC using perme-
able packings will be discussed and examples pre-
sented. In order to understand the mass transfer
mechanisms inside pores we suggest the following
methodology: (i) elution chromatography experi-
ments of proteins under unretained conditions — from
these experiments HETP can be calculated as a
function of flow-rate indicating which mass transport
mechanisms are involved without extra effects of
adsorption equilibrium; (ii) measurement of adsorp-
tion equilibrium isotherms by batch equilibration or

from dynamic experiments using frontal chromatog-
raphy leading to basic information on adsorbent
capacity; (iii)) measurement of breakthrough curves
from which dynamic capacity of the adsorbent is
calculated and (iv) modeling/simulation of HPLC
columns and model validation.

4.2. Elution chromatography of proteins

In this section elution chromatography experi-
ments under unretained conditions are performed to
allow the understanding of mass transport mecha-
nisms inside particles in the absence of extra effects
related with protein adsorption. Studies are carried
out in two anionic columns: (a) POROS Q/M (Prot.
No. PO11M526, Serial No. 030, Packing Batch No.
033) purchased from PerSeptive Biosystems (Cam-
bridge MA, USA). The dimensions of the POROS
column were 100X4.6 mm L.D. with a bed volume
of 1.7 ml packed with 20 pm diameter particles; (b)
Q Hyper D cat No. 200227 Serial No. 32232 (UN
2196) from BioSepra, (Villeneuve la Garenne,
France) with dimensions 100XS5 mm LD. packed
with 35 wm diameter particles.

Three proteins were used: myoglobin (horse
skeletal muscle, 95-100% purity), ovalbumin (al-
bumin, chicken egg, 99% purity) and bovine serum
albumin (BSA) (fraction V, 98-99% purity) were
purchased from Sigma (St. Louis, MO, USA). The
solvent used was 50 mM Tris—HCI, pH 8.6, mixed



A.E. Rodrigues | J. Chromatogr. B 699 (1997) 47—-61 53

with 0.5 M NaCl in HETP experiments. Temperature
in all runs was 22°C.

The chromatographic experiments were carried on
a Gilson 715 HPLC system equipped with a Model
360 pump, a manual injector (with an injection loop
of 20 wl) and a Model 17UV (A=280 nm) detector.
A computer system Gilson 715 HPLC software for
data acquisition and a control system was used.
Experiments with each protein were carried out at
different flow-rates up to 10 ml/min corresponding
to superficial velocities up to 1 cm/s.

The diffusivities of myoglobin, ovalbumin and
BSA in aqueous solution at 25°C are respectively
16.1-1077, 641077 and 11077 em®/s [32].

4.2.1. Bed permeability

Bed permeabilities B, were obtained from the
slope of the plot AP/L versus the superficial velocity
u,. In laminar flow, the pressure drop AP across a
bed of length L packed with particle d, is given by
Darcy’s law (AP/L)=(mu,/B,) where Bb=(eidz)/
[150(1—¢,)’] and ¢, is the bed porosity.

For the POROS column (20 wm particles) the bed
permeability is B,=2.35-10"" ¢cm*/s and €, =0.34;
for the Hyper D column (35 pm particles) the bed
permeability is B,=1.02-10"* cm® and ¢,=0.37.

4.2.2. Estimation of intraparticle convective
velocity v,

The convective velocity v, in pores is estimated
from the equality of pressure drops across the
particle Ap/d_ and across the bed AP/L [20,33]. In
HPLC operation flow around the particles is in the
laminar region (Re<(0.1) and the same applies for
the convective flow inside pores. If B, and B, are
bed and particle permeability, respectively, and 7 is
the liquid viscosity, we get:

éi}i = Blbu0 and %il = E;lpvo (6)
and so:

BP
Vo = B4 (7N

The fraction of flow-rate entering the column
which goes through the macropores by convection is
(1—€)B,/B,). For the Hyper D column (10 cm X5

mm) with 35 pum particles at a flow-rate of 8 ml/min
or superficial velocity of 0.68 cm/s the bed pressure
drop is AP=7 bar and so the pressure drop across
the particle is Ap=245 Pa.

4.2.3. Efficiency of chromatographic columns and
HETP

Chromatographic peaks for the three proteins
(BSA, myoglobin and ovalbumin) were obtained at
various flow-rates on POROS Q/M and Q Hyper D
supports. The HETP as a function of superficial
velocity has been calculated for each protein from
the experimental peaks in elution chromatography by
HETP=0"L/p.. where o is the peak variance, My 1s
the first moment of the peak and L is the column
length.

Fig. 7 shows the experimentally measured re-
duced height equivalent to a theoretical plate (h=
HETP/d ) as a function of the bed superficial
velocity u,. It can be seen that for the POROS
column, the HETP increases linearly at low superfi-
cial velocity and then, at high superficial velocities,
reaches a plateaun; and for the HYPER D column the
HETP is almost a plateau, even at low u,.

The efficiency of chromatographic columns can be
easily characterized by its height equivalent to a
theoretical plate (HETP); for columns packed with
permeable packings Eq. (4) applies. The A term
accounts for eddy dispersion effects and becomes a
constant at high superficial velocities, A=2d; B=
2D, and so the term B/u, can be neglected in the
case of protein separation (at velocity u,==1 cm/s,
Blu, is around 10”7 cm). Film mass transfer resist-
ance can also be neglected; film mass transfer
coefficients estimated by available correlations [34]
developed for purely diffusive media are conserva-
tive; in fact, in perfusive materials, intraparticle
convection enhances film mass transfer [35]. The
simplified equation for HETP is:

HETP = A + Cf(Au, (8)
In the low velocity region where pore diffusion is

the controlling mechanism of mass transfer, the slope
of HETP versus u, is:

a1 v %%
c= duy, 30 (1+ 1)* & D, ®)
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Fig. 7. HETP versus superficial velocity for elution chromatography of proteins under unretained conditions: (a) POROS Q/M; (b) Q

HYPER D.

At high flow-rates f(A) = 3/A and since v %u, we
get:

v &8

3
50+ &B, "

H

plateau (10)
where v is [(1 — eb)ep]/eb. When the particle struc-
ture (€,) is known Egs. (9) and (10) provide
measured values of D, and B,. The straight line at
low flow-rates crosses the plateau at a critical point
A+Cuy . =H,,.,, and then u, =(18D /d )B,/B).
For POROS Q/M with ep=0.5 [19] we get B,= 1.5-
107" cm’ for an experimental “h plateau” of 36
(reduced HETP) and Dc=7-10_8 cm’/s; for the Q
HYPER D particles, the particle permeability was
calculated from breakthrough experiments [36] as
Bp=8.9-10_12 cm’ and a particle porosity of €,=
0.13 is estimated from the plateau. The effective
diffusivity calculated from modeling of breakthrough
curves is D,=8.1-10 " cm?®/s. The experimental
HETP versus u, plot is almost a plateau indicating
that gel diffusion should be the controlling factor at
very low velocity and then paths are opened to allow
intraparticle convection [37]. This is supported by
results under weakly retained conditions described
below.

4.2.4. Elution chromatography of proteins under
weakly retained conditions

Elution experiments using BSA in a solution
containing 0.3 M NaCl were carried out; from the
peaks HETP was calculated as a function of the

superficial velocity. Results obtained in our labora-
tory are shown in Fig. 8. The theoretical line
according Rodrigues equation reasonably fits the
experimental results using the values of effective
diffusivity and particle permeability reported above.
Clearly, the tendency towards a plateau on HETP
would not be observed if intraparticle convection
was not present. In this calculation linear adsorption
equilibrium is taken into account.

4.3. Frontal chromatography experiments:
measurement of adsorption equilibrium isotherms
and breakthrough curves

In frontal chromatography experiments a solution
of protein with concentration ¢, is continuously
passed through the column under retained conditions
(no salt in the feed). The concentration at the bed
outlet as a function of time is the breakthrough curve

250_ -
h i 1

] ittt

200~_ .
: -

1504 * .

100

50

04— T T T T T T T T Ty
[¢] 0.1 0.2 0.3 0.4 0.5

Ug,Cm/s

Fig. 8. HETP versus superficial velocity for elution chromatog-
raphy of BSA on Q HYPER D under weakly retained conditions.
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Fig. 9. Adsorption equilibrium isotherms of BSA on POROS Q/M (a) and Q HYPER D (b).

from which the amount of protein retained in the
adsorbent g¥ is calculated by mass balance. There-
fore a point of the adsorption equilibrium isotherm
can be calculated from one experiment with a given
feed concentration c,. The adsorption equilibrium
isotherm of BSA in POROS Q/M shown in Fig. 9a
follows Langmuir equation [29]. Adsorption equilib-
rium isotherms of BSA on Q HYPER D, at various
salt concentrations, are shown in Fig. 9b. With no
salt the isotherm is almost rectangular. With 0.3 M
NaCl the protein is weakly retained with linear
isotherm.

5. Simulated moving bed technology
5.1. What is SMB technology?

The simulated moving bed (SMB) technology
developed by UOP [38] has been used in chemical
industry for several separations known as SORBEX
processes [39—42]. They include the Parex process
for the recovery of p-xylene from a mixture of Cg
aromatics, the Molex process for the extraction of
n-paraffins from branched and cyclic hydrocarbons,
the Olex process to separate olefins from paraffins
and the Sarex process for the recovery of fructose
from fructose/glucose mixtures in the production of
high frutose corn syrup HFCS [43-45]. More than
hundred SMB units are operated worldwide [46].
The heart of the SMB technology is a rotary valve
which periodically changes the position of feed,
eluent, extract and raffinate lines along the bed. In

this way the solid movement in a true moving bed
(TMB) is simulated. Continuous chromatography in
SMB also eliminates drawbacks of batch chromatog-
raphy, namely dilution of species and low adsorbent
utilization [47-51].

The SMB technology has been applied in the areas
of biotechnology, pharmaceuticals and fine chemis-
try. Pilot and industrial SMB for such applications
have been developed by UOP [52,53] and SEPAREX
[54]. More recent applications are related with chiral
technology [55,56]. It should be pointed out that
scaling down of the Sorbex flowsheet becomes less
economical than using a system of individual beds
segmented by valves and feed and product lines [57].

5.2, Strategies of modeling

Models available in literature for SMB separation
processes have been summarized by Ruthven and
Ching [58]. The simulated moving bed can be
represented by two different models: the real SMB
and the true moving bed, TMB. In the SMB sketched
in Fig. 10 the counter-current flow of the solid is
simulated by moving the eluent, extract, feed and
raffinate lines one column forward in the fluid flow
direction at fixed time intervals. In the Sorbex
technology this is achieved with a rotary valve; in
the Licosep 12-26 there are 12 individual beds with
valves in each column and corresponding lines for
the various streams. The Licosep technology is a
result of joint efforts of IFP (French Institute of
Petroleum) and Separex [49]; the technology is now
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Fig. 10. Schematic diagram of the four-section SMB.

available through Novasep (Vandoeuvre-lés-Nancy,
France).

In the true moving bed (TMB) shown in Fig. 11
the liquid and the solid phases flow in opposite
directions. The liquid flowing out of zone IV is
recycled to zone I while the solid coming out of zone
1 is recycled to zone I'V. In both approaches zone I 1s
located between eluent and extract nodes, zone II is
between extract and feed nodes, zone III separates

v
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raffinate
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i
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extract A
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Fig. 11. Schematic diagram of the four-section TMB.

feed and raffinate nodes and finally zone IV is
between raffinate and eluent nodes. Also, the less
retained species A is recovered in the raffinate
stream and the more retained species B is collected
in the extract stream.

Both SMB and TMB systems have similar cyclic
steady-state performances; therefore, one can simu-
late and obtain the optimum operating conditions for
the SMB, using the TMB model since it requires
lower computing time. In fact, the cyclic behaviour
of the simulated moving bed can be calculated from
the steady-state model of the true moving bed, taking
into account the relation between the solid velocity
u, and the rotation period (or switching time) AT in
SMB operation, i.e., u,=L/AT, where L is the
column length.

The equivalence between the SMB and its corre-
sponding TMB is made by keeping constant the
liquid velocity relative to the solid velocity, ie.,

SMB ____TMB

; v, +u, where v, is the interstitial fluid
velocity in the j section of the moving bed.

5.2.1. A package for SMB simulation

The package developed for the transient TMB
system considers axial dispersion flow for the buik
fluid phase, linear driving force (LDF) for the
intraparticle mass transfer rate and takes into account
multicomponent adsorption equilibria. The model
equations in dimensionless form [59,60] are:

Mass balance:

1 o', ac,.j+ 1-¢ 1 9q,;
Pe 5x* ox €& 7V, ox

19 1-¢ 1904

Y96t e v a0 an
Intraparticle mass transfer rate:
aqij aq,;
s ¥ oy
ax +alq; —q;) EY:) (12)

Boundary conditions:

1 dc;
x=0 ¢ Pe. dx S0 (13a)
J
dc;
x=1 dx =0and g, =9g;.,, (13b)

Multicomponent adsorption equilibrium isotherm:
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q,’fj = £,(C,;, Cp))

14
gt = 1,(Cy» Cy)) (14)

Mass balances at the nodes of the inlet and outlet
lines of the TMB:

Y,
Eluent node: ¢, , = 74Ci4,L» (15a)
1 )
Extract node: ¢, , = Cie, (15b)
: 2 Yk F
Feed node: ¢;3, = V3C"2-Lj + Vac,. (15¢)
Raffinate node: ¢, o =¢;3, (15d)

with the relations between fluid velocities in the four
zones of TMB: p =5, yy=9+tu, L=V,
v, =, + ¥ In the above model equations i (i=A,B)
refers to the species in the mixture and j (j=1,2,3,4)
is the section number, ¢, and g,; are the fluid phase
and average adsorbed phase concentrations of
species { in section j of the TMB, respectively,
x=z/L,; is the dimensionless axial coordinate, § =1/,
is the dimensionless time variable, with 7,=L,/u =
N.AT (N, is the number of columns per section; u, is
the solid velocity), v; is the fluid velocity and g,;* is
the adsorbed phase concentration in equilibrium with
c;;- Model parameters are: (1—¢€,)/€, (ratio between
solid and fluid volumes), v;=v,/u, (ratio between
fluid and solid velocities), Pe;=v,L,/DL, (Peclet
number; D,; is the axial dispersion coefficient in
section j) and a;=kL;/u =k7, (number of intraparti-
cle mass transfer units; £ is the intraparticle mass
transfer coefficient). Adsorption equilibrium parame-
ters have to be added to the list above.

[V
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\
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Fig. 12. Internal profiles for the reference case.

5.2.2. Effect of rotation period and number of
intraparticle mass transfer units on performance
parameters

The SMB performance is characterized by four
process parameters: purity, recovery, solvent con-
sumption and adsorbent productivity. For the case of
a binary separation in the SMB in which the less
retained species A is recovered in the raffinate, and
the more retained component B is recovered in the
extract, process performance parameters are defined
in Table 2.

The effects of the rotation period and number of
intra-particle mass transfer units on the SMB per-
formance were studied by simulation. A reference
case relative to a 8-column configuration of the SMB
was chosen and the influence of several operating
variables was studied by simulation. The internal
profiles for such case are shown in Fig. 12.

5.2.2.1. Effect of the rotation period. The influence
of the rotation period on the system performance is
shown in Fig. 13. It can be seen that high purities
and recoveries can be obtained only in a narrow
window of rotation periods. A similar behaviour
could be obtained by changing the value of the liquid

Table 2

Performance criteria for SMB

Performance parameter Extract X Raffinate R

Purity (%) 100CENCL+C) 100C4/(Ch+CEy
Recovery (%) 100C3 Q0 /(Cr Q) 100C3Q:/(C2Q5)
Solvent consumption (1/g) (Q:+0:)/C32y) (Qe +ONCROR)
Productivity (g/h | of solid) CEO IV, ChQe Vs
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Fig. 13. Effect of the rotation period on purity and recovery.

recycling flow-rate instead of the rotation period; in
fact, the rotation period or switching time is inverse-
ly proportional to the solid flow-rate so the role of
increasing the recycling liquid flow-rate or decreas-
ing the solid flow-rate (increasing AT) is similar
with regard to the calculation of the net flux of a
species.

5.2.2.2. Effect of the number of intraparticle mass
transfer units. The effect of the intraparticle mass
transfer rate k or the corresponding dimensionless
number « on the cyclic steady-state internal profiles
of the SMB is shown in Fig. 14 for ¢ =36 and
a=180 (or k=0.1 s~ ' and k=0.5 s~ '). The mass
transfer coefficient depends only on the intraparticle
diffusivity of species and particle size. Therefore,
increasing a (or k) by decreasing the particle size
improves the performance of the SMB, provided the
constraint of acceptable pressure drop is met. Some
applications in the area of protein processing will use
large-pore permeable particles in which intraparticle

2 H
—QA) i k=015s"
——qB) :
1.5 1
—_ L.
S
© 3]
0.5 g
r’l' H -~
0 des I
E Zonel X Zogell] F Zonelll R ZonelV

mass transport by convective flow is important,
leading to an enhancement of the mass transfer rate.
The above model can still be used in that case if the
mass transfer coefficient k is replaced by an “aug-
mented” mass transfer coefficient £ [61].

6. Conclusions

In this review it is shown that the key concept
behind the improved performance of large-pore,
permeable packings used in perfusion chromatog-
raphy is the “augmented  diffusivity by convection.
This concept has long been recognized in the re-
action engineering area and explains how perfusion
chromatography works. An extended Van Deemter
equation as derived by Rodrigues [25] allows the
prediction of HETP as a function of superficial
velocity in perfusion chromatography.

A methodology for studying protein adsorption in
permeable packings is suggested. First, elution chro-

TQA)
- ~cm
1.5 1
- "A
2 1]
o
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i
0 - > ;
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Fig. 14. Effect of the intraparticle mass transfer rate on the cyclic steady-state SMB intemnal profiles.
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matography experiments should be carried out under
unretained conditions to allow easy understanding of
mass transport mechanisms inside permeable par-
ticles. This is to be complemented with particle
characterization [62] and direct methods to measure
convective flow inside flowthrough particles [63].
Secondly, experiments under weakly retained con-
ditions in the linear region of adsorption equilibrium
isotherm should be performed to check the influence
of the adsorption parameter b. Frontal chromatog-
raphy experiments allow the calculation of adsorp-
tion equilibrium isotherm and also information on
the dynamic capacity of the bed. Finally, modeling
and simulation [64-68] allow design of chromato-
graphic columns under conditions different from
those at laboratory scale [69-72].

Experiments with new chromatographic media
show that intraparticle convection is an important
mass transport mechanism in such materials. Elution
chromatography experiments with POROS Q/M
adsorbent show clearly the presence of a intraparticle
convective flux that enhances the mass transport
performance of large-pore chromatographic supports.
The reduced HETP vs. superficial bed velocity plot,
obtained for non-retained BSA, myoglobin and oval-
bumin, allowed the calculation of a particle porosity
€,=0.5 from the plateau and an approximate effec-
tive diffusivity D,=7-10"° cm’/s from the initial
slope. On the other hand, experimental results with Q
HYPER D particles indicate that at very low flow-
rates gel diffusion is the controlling mechanism; as
flow-rate increases, pore diffusion becomes the main
mass transfer process and at higher flow-rates, the
process is fully convection controlled. From the
plateau of the reduced HETP a particle porosity
ep=0.13 is obtained; from the slope an effective
diffusivity of D,=8.1-10"" cm®/s is extracted.

SMB technology is now becoming used in the area
of bioseparations. A model for predicting the cyclic
steady-state behaviour of the simulated moving bed
(SMB) is developed using the correspondent true
moving bed (TMB) approach. The model also
enables the prediction of the TMB transient be-
haviour. This SMB package is an important learning
and training tool used to predict the effect of
operating variables on the process performance, and
so the choice of the best conditions for the SMB
operation.

7. List of symbols

b adsorption equilibrium parameter

Bi, mass Biot number, dimensionless

B, bed permeability, m’

B, particle permeability, m’

p protein concentration in the pore fluid
phase, mol/m’

c, feed concentration of protein in the exter-
nal fluid phase, mol/m’

c concentration in the fluid phase at the
column outlet, mol/m’

Ccy fluid phase concentration of component i in
section j, kg/m’

a’p particle diameter, m

D, effective diffusivity, m*/s

D, augmented effective diffusivity, m?/s

D molecular diffusivity, m*/s

Dy, axial dispersion coefficient in the j section,
m*/s

h reduced HETP (HETP/dp), dimensionless

H height equivalent to a theoretical plate, m

HETP  height equivalent to a theoretical plate, m

ke film mass transfer constant, m/s

k intraparticle mass transfer coefficient, s ™'
l characteristic dimension of the particle, m
L bed length, m

Lj section length, m

M solid flow-rate, m’/s

N&

number of columns per section in the SMB

system
Pe; Peclet number for section j (=v,1,/D,;)
Ap pressure drop across the particle, bar
AP bed pressure drop, bar
9, average adsorbed phase concentration of

component i in section j, kg/m’ adsorbent

q,.j* adsorbed concentration of component i in
section j in equilibrium with C, kg/m3
adsorbent

q adsorbed phase concentration in equilib-
rium with ¢,, mg/ml adsorbent

R, particle radius, m

t time variable, s

AT rotation period, s

u, solid velocity, m/s

Uy bed superficial velocity, m/s

7 critical velocity, m/s

v, intraparticle convective velocity, ms



60 A.E. Rodrigues | J. Chromatogr. B 699 (1997) 47-61

interstitial fluid velocity in the j section,
m/s

bed volume, m’

volume of the solid phase, m’
dimensionless axial coordinate (=z/L;)
axial coordinate in the column, m

Nkm<<

7.1. Greek symbols

o number of mass transfer units (=k7,),
dimensionless

€ bed porosity (interparticle volume/bed vol-
ume)

€, intraparticle porosity (pore volume/particle
volume)

A intraparticle Peclet number

n fluid viscosity, g/cm. s

My 1st order moment of the impulse response

v, (1—'€b)€p/6b
variance

T space time, cm

7, time constant for convection, s

T, time constant for diffusion, s

7y “apparent” time constant for diffusion, s

Y ratio between fluid and solid velocities
(=v;/u,), dimensionless

0 dimensionless time, (=t/7,)

T, solid space time, (=L, /u,), s
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