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The process performance of the separation and purification of proteins by ion-
exchange simulated moving bed (IE-SMB) can be improved when a step-wise salt con-
centration is formed in the SMB unit, called salt gradient IE-SMB. In this paper, a
gradient SMB model is used to analyze the performance of the salt gradient IE-SMB
process, based on literature data for linear adsorption of proteins. Some strategies are
discussed for the selection of salt gradient in IE-SMB chromatography for proteins
effective separation. Three configurations of the gradient SMB process, open loop,
closed loop, and closed loop with a holding vessel are compared. When running a gra-
dient SMB with closed loop configuration, a holding vessel with a given volume is
added to the system to mix online the desorbent with the recycled stream from section
1V during the switching interval, in order to reduce the fluctuation of salt or solvent
strength in the columns. Moreover, we also present a comparison of two strategies of
modeling, the gradient SMB model and the equivalent gradient TMB model, for the
prediction of internal concentration profiles in gradient SMB chromatography with
open loop and closed loop, respectively. © 2007 American Institute of Chemical Engineers
AIChE J, 53: 2419-2431, 2007
Keywords: simulated moving bed (SMB), gradient simulated moving bed, salt gradient,
ion-exchange, proteins separation, protein purification, protein adsorption, modeling

Introduction

Simulated moving bed (SMB) chromatography is a contin-
uous process, which for preparative purposes can replace the
discontinuous elution chromatography. Furthermore, the
countercurrent contact between fluid and solid phase used in
SMB chromatography maximizes the mass transfer driving
force, leading to a significant reduction of mobile phase con-
sumption and solid phase requirements when compared with
elution chromatography. With the developed theory and tech-
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nique,'™ the resolution of similar products on preparative

scale (ktons/year) can be performed efficiently using SMB
chromatography. Successful examples are the separation of
p-xylene from a mixture of C8 isomers, the separation of
glucose and fructose, and the resolution of enantiomers on
chiral stationary phases."”®® The new challenge for the
SMB technology is its application to the separation and puri-
fication of biomolecules; examples of products that are con-
sidered for SMB separation and purification are therapeutical
proteins, antibodies, nucleosides, and plasmid DNA.>Y7
Research on the separation and purification of proteins by
SMB technology started with size-exclusion SMB (SE-SMB)
chromatography, for its design simplicity in terms of the lig-
uid and solid flow rate ratios (linear distribution coefficients
for all proteins on porous stationary phases). Experimental
examples are: insulin purification by SE-SMB packed with
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Sephadex G50 gel,12 purification of plasmid DNA by SE-
SMB packed with Sepharose FF particles,'*'® and separation
of bovine serum albumin (BSA) and myoglobin by SE-SMB
packed with Sepharose Big Beads.!” Because of the absence
of ligand in these particles, the distribution coefficients of
proteins depend only on the accessible porosity in the par-
ticles. A large protein has a smaller distribution coefficient,
as weakly retained component, and will elute in the raffinate
stream; in contrast, a small protein has a bigger distribution
coefficient, as strongly retained component, will elute from
the extract stream in the SE-SMB. It is easy to obtain a large
protein molecule with high purity from the raffinate stream,
but it is difficult to recover the smaller protein molecule with
high purity protein in the extract stream because of the limi-
tation of the mass transfer resistance of the larger protein
molecule."”

As a result of the limitation of SE-SMB technology for
the separation and purification of proteins, research was
extended to the application of ion-exchange SMB (IE-SMB),
reversed-phase SMB (RP-SMB), and affinity SMB (A-
SMB).!"1819 By carefully selecting the buffer, pH value, sol-
vent strength, and ligand of adsorbent to ensure that the
larger protein molecule elutes from the extract stream, while
the smaller protein is recovered from the raffinate stream, the
two proteins can be separated efficiently by the SMB tech-
nology. When the binding capacities of proteins on the ad-
sorbent are close to each other, an isocratic SMB mode may
be used to separate the proteins, where the adsorbents have
the same binding capacity to protein in all sections of the
SMB unit, as shown in Figure la. However, the binding
capacities of proteins on adsorbents are usually so different
in ion-exchange, hydrophobic-interaction, reversed-phase,
and affinity chromatography (IEC, HIC, RPC, and AC) that
we cannot separate them in the isocratic mode with a reason-
able retention time. In the conventional elution chromatogra-
phy, a gradient mode should be used for the separation of
proteins; for example, organic solvent gradient in RPC, and
salt gradient in IEC, either in step-wise gradient or linear
gradient. In the SMB unit, a step-wise gradient can be
formed easily by introducing a solvent mixture with a lower
strength at the feed inlet port compared to the solvent mix-
ture introduced at the desorbent port; then the adsorbent has
a lower binding capacity for protein in section I and II to
improve the desorption, and a stronger binding capacity in
section III and IV to increase the adsorption, as shown in
Figure 1b. Some authors''"'82%2* stated that the solvent con-
sumption by the gradient mode can be decreased significantly
when compared with the isocratic SMB chromatography.
Moreover, when a given feed is applied to the gradient SMB
chromatography, the protein obtained from the extract stream
can be enriched if the protein has a medium or high solubil-
ity in the solution with the stronger solvent strength, while
the raffinate protein is not diluted at all.'®

Experimental research for the separation of proteins by
salt gradient IE-SMB'' and for the separation of antibodies
by solvent gradient RP-SMB? allowed a qualitative analysis
of process feasibility. Furthermore, theoretical analysis for
gradient SMB reported by some authors'''®2%2* confirmed
the potential application of the gradient SMB technology in
bioseparation. Up to now, this research is just underway
partly because experiments are expensive (expensive pro-
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Figure 1. Schematic diagram of a four-zone isocratic/
gradient SMB with closed loop.
(a) Isocratic SMB with closed loop; (b) gradient SMB with
closed loop. ( ): higher solvent strength; (E)

lower solvent strength.

teins, special adsorbent, and SMB unit) for the practical sep-
aration and purification of proteins by the gradient SMB
chromatography. Therefore, a detailed mathematical simula-
tion, using a gradient SMB model instead of an equivalent
gradient TMB model, is more significant to understand the
performance of the gradient SMB chromatography. One
objective of this paper is to simulate the salt gradient IE-
SMB processes by using the gradient SMB model.

The open loop configuration was used by many authors to
avoid the accumulation of contaminants in the columns of
SMB for the separation and purification of proteins, as shown
in Figure 2a, where the liquid stream from section IV is dis-
carded, instead of being recycled to the desorbent stream
allowing the reduction of desorbent consumption. It is well
known that one of the biggest advantages of SMB chroma-
tography compared with fixed bed chromatography is the
lower desorbent consumption. This can be achieved in the
closed loop configuration by recycling the liquid stream from
section IV to the desorbent inlet of section I, as shown in
Figure 2b, which is also important for RP-SMB because of
the large amount of organic solvent being consumed. How-
ever, the recycle of liquid stream is more complicated for the
gradient SMB chromatography. The solvent strength in the
eluent is different between sections I and IV, and the compo-
sition of the stream leaving section IV varies in a dynamic
manner during the switching interval, which complicates the
direct recycling of the eluent.”> In Figure 2c, a holding ves-
sel with a given volume is added to the system to mix online
the desorbent with the recycled liquid stream from section
IV during the switching interval, to reduce the fluctuation of
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Figure 2. Operation modes for gradient SMB.

(a) Gradient SMB with open loop; (b) gradient SMB with
closed loop; (c) gradient SMB with closed loop and a hold-

(:) higher solvent strength; (E)

lower solvent strength.

ing vessel.

the solvent strength in the columns. Another objective of this
paper is to evaluate and compare three different configura-
tions of gradient SMB: open loop (Figure 2a), closed loop
(Figure 2b), and closed loop with a holding vessel (Figure
2¢).

Gradient SMB Strategies of Modeling

Formation of salt gradient in the
IE-SMB chromatography

A four-zone SMB chromatography is shown in Figure 1,
and is constituted by a set of identical fixed-bed columns,
which are connected in series. Each column is packed with
Q-Sepharose FF resin. Q-Sepharose FF resin is a strong
anion exchanger with —CH,—N"—(CH;); functional
group; its matrix consists of macroporous crosslinked 6%
agarose gel with a particle density of 1050 kg/m’ (drained
particle, measured by pycnometry) and a mean particle size
of 90 pum (a particle size distribution of 45-165 pm). Q-
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Sepharose FF resin was purchased from Amersham Pharma-
cia Biotech. It is well known that the binding capacity of the
classical ion exchanger to proteins is sensitive to salt concen-
tration in the feedstock; the higher the salt concentration is,
the lower the binding capacity to the proteins is. Therefore, a
step-wise gradient is formed by introducing a lower salt con-
centration at the feed port compared to a higher salt concen-
tration introduced at the desorbent port; then the ion
exchanger has a lower binding capacity for proteins in sec-
tions I and II to improve the desorption and has a stronger
binding capacity in sections III and IV to increase adsorption
in the IE-SMB chromatography.

Model equations for the gradient SMB model

Model equations for the gradient SMB model result from
the mass balances over a volume element of the bed and
inside the particle. Axial dispersion flow for the bulk fluid
phase is included and the linear driving force (LDF) approxi-
mation is used to describe the intraparticle mass-transfer rate.

Mass balance over a volume element of the bed k for pro-
teins and salt:

Cy 0*Ciy

» Uy 6C,~k (1 —SB)
o 072

keiclgy —qu] (1)

Mass balance in the particles for proteins and salt described
by LDF model:

qix
ot

= kpie(q — qix) @

where C is the concentration in the fluid phase; ¢ is the aver-
age adsorbed phase concentration in adsorbent; ¢* is the
adsorbed phase concentration in equilibrium with the fluid
phase concentration; Z is the axial distance from the column
entrance; ¢ is the time; &g is the bed voidage in column; u is
the superficial velocity; Dy is the axial dispersion coefficient;
kp is the mass transfer coefficient; k refers to the column
number, total N columns in the gradient SMB unit; and
i refers to proteins and salt.
Initial conditions:

t=10:Cy = gix = 0 for proteins (3a)

Before the feed is applied to the column, a salt gradient has
been formed in the SMB unit as

Csi = C%, gsk = 4, (CY) in section I and I (3b)
Csi = C%, gsk = q&,(Cs) in section III and IV (3o)

Boundary conditions in each column for proteins and
salt:

OCix
DLk8B67 2:0: ur[Cit|,_o — Ciro) (4a)
=0 (4b)
15/4 7=
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Mass balances at nodes:
At the desorbent node,

Cio = CP open loop (5a)

QDCP + QrecCiN |Z:LN
Or

0 = closed loop (5b)
dCiio

1%
STt

+ QICilﬁO = QDCP + QreCCiN‘Z:LN (SC)

closed loop with a holding vessel

The holding vessel has a constant volume Vg with initial
condition of C;; o = CP att = 0.

At the extract node,

Cit10 = Cik|,_y, (5d)
At the feed node,
F
Cixy10 = orei 5 ECik|ZLk (5e)
At the raffinate node,
Cit+10 = Cit| .y, (56)
At the nodes between the other columns,
Cigr10 = Cik’Z:Lk (52)
Global balances:
01 = Op open loop (6a)
01 = Op + Orec closed loop (6b)
On=01— 0k (6¢)
Om = On + OF (6d)
Ov = O — Or (6e)

where Q1, On, Om, Qrv are the flow rates in sections I, II,
I, and IV, respectively; Op, Ok, OF, Or, and Q.. are desor-
bent flow rate, extract flow rate, feed flow rate, raffinate flow
rate, and recycle flow rate, respectively; CP and CT are com-
ponent concentrations in desorbent and feed, respectively.

As a result of the switch of inlet and outlet lines, each col-
umn plays different functions during a whole cycle, depend-
ing on its location (section). As a consequence, the boundary
conditions for each column change at the end of each switch
time interval. When the cyclic steady state is reached, the in-
ternal concentration profiles vary during a given cycle, but
they are identical at the same time for two successive cycles.

Model parameters and numerical method

The diffusivities*® of BSA and myoglobin in water are
Dgsao = 6.15 X 107" m%s and Dyyoo = 11.3 X 10! m?s,
respectively. The effective pore diffusivities®® of BSA and
myoglobin in Q-Sepharose FF resin are estimated as Dpe gsa
= 1.5 x 107" m%s, and Dpemyo = 3.6 X 10~ m%s, here
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Dpe.; = ¢piDy,;: and tortuosity factor t assigned as 2. The
mass transfer coefficient®” kp;; in Eq. 2 is calculated by
15Dp. ; dq;
kpix = 71)3’2 / 1k @)
(0.5dp)"/ dCi

The mass transfer coefficient kpg; for salt is higher, about
2.0 s~ When kps; > 0.5 s~ 1, the effect of kpg; on the simu-
lation results is negligible, so we set kps; = 0.5 s~ !in order
to quickly get a stable numerical solution.

The liquid axial dispersion coefficient Dy, is estimated by
Chung and Wen correlation®:

- dpblk
0.20 + 0.011 (dpup/ )" *

®)

Dy

with p = 1000 kg/m> and yu = 0.89 cP approximately taken
as those of water.

The central finite difference method is used to discretize
Eq. 1 in the axial direction in each column, leading to a set
of ordinary differential equations with initial values; at these
discretized points in each column, Eq. 2 is also represented
as a set of ordinary differential equations with initial values.
All ordinary differential equations will be solved together
using Gear’s stiff variable step integration routine. It should
be noticed that the initial state in each column varies with
switching interval if the column positions are fixed during
the simulation.

Proteins and salt adsorption equilibrium isotherm on
Q-Sepharose FF ion exchanger and adsorption kinetics

In the aforementioned gradient SMB model, the mass bal-
ance in the particles is described by the LDF model, so the
amount of protein adsorbed on the ion exchange resin
includes two terms: one is the protein IE amount with the
ligand of adsorbent, and the other is the distribution amount
in the accessible porosity (size exclusion) of adsorbent.
When the salt concentration is high, the protein IE amount
becomes weak, and the distribution amount in the accessible
porosity will be important.

Protein IE equilibrium at various salt concentrations can
be described by the steric mass action (SMA) model, which
was developed by Brook and Cramer.”’ In the SMA model,
ion exchange is regarded as a reaction of a characteristic
number of charges of a protein with many salt ions bound to
the ion-exchanger, and the protein IE equilibrium isotherm
can be expressed as

IE z
q Cs . .
C= - for single component protein (9)
Klgo — (z + 0)q"]
and
qlECZi
Ci= i —S for multicomponent proteins

K; [610 =3 (z + Gi)q;Eri
(10)
The parameters z, K, and ¢ should be measured by independ-

ent experiments, such as using the isocratic/gradient elution
chromatography, recommended by Book and Cramer” and
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Pedersen et al.®® z is the characteristic charge representing
the number of sites that the protein interacts with on the
resin surface; K is the binding constant for the stoichiometric
binding reaction between the protein and salt counterions;
o (steric factor) means the number of sites on the resin sur-
face that are shielded by the protein and prevented from
exchange. In the equations, go (ionic or bed capacity) is the
total number of binding sites available on the resin surface,
usually provided by manufacturer, which can be measured as
indicated by Whitley et al.>'

Either for dilute protein solution or at high salt concentra-
tion, the protein IE amount ¢'F is very small, that is go > (¢
+ 2)¢'%; then Eq. 9 becomes a linear ion exchange equilib-
rium isotherm:

qZ
e _ Kqp
= C
q C3

(1)

Linear IE equilibria for BSA and myoglobin on Q-Sepharose
FF resin (in 10 mM Tris buffer, pH 8) were reported by
Houwing et al.'! as

qrsa = 0.00161C5 > Cysa (12a)

Gy = 0.0761C5 ! Cyyo (12b)

The accessible porosities of BSA and myoglobin in Q-
Sepharose FF are 0.49 and 0.64, respectively, measured by
Houwing et al.,'! so the adsorption equilibrium isotherm of
BSA and myoglobin on Q-Sepharose FF can be expressed as

Tasa = (0.49 +0.00161C5™ ") Cpsa (13a)

Giyo = (064 +0.076C5 ") Cwyo (13b)

where Cs is the salt concentration (expressed in M).

IE equilibrium isotherms of BSA and myoglobin on Q-
Sepharose FF resin were studied experimentally in our labo-
ratory over a wide protein concentration range, as shown in
Figure 3. Equilibrium data were measured in a static batch
adsorber. Before performing the protein ion exchange equi-
librium experiments, the resins must be saturated with the
corresponding buffer. Resins, in the amount of 0.5-2.5 mL
of particle volume, are equilibrated with 30 mL of different

8 e
1 {b} o % {
-'-E 61 i I
o *  SmM MNaCl |
= 4 =
2 | . Nz{'}l |
w . " st |
g » .'5_.15 \

00 06 12 18 24 30 00 02 04 06
C kg/ m’ C,_WL.'. ka/m

B5A"

Figure 3. lon exchange equilibrium isotherms of BSA
and myoglobin on Q-Sepharose FF resin in
pH 8 Tris buffer (10 mM), at room tempera-
ture (~25°C).

Symbols: experimental data; lines: calculated using Eq. 14
for BSA and Eq. 15 for myoglobin.
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Figure 4. Plots of log(g/5C,) versus log(Cs) in the linear
ion exchange equilibrium isotherm.

Symbols: experimental data taken from Figure 3; solid
lines: the linear regression lines; dashed line: calculated
using Eq. 12a.

concentrations of BSA or myoglobin solution for 20 h at
25°C on a shaking incubator (about 30 rpm); then BSA or
myoglobin concentration in supernatant liquid are measured
by UV 7800 detector at 280 nm (using a 2-mL quartz cuv-
ette). The ion exchange capacity is calculated by the mass
balance (q%E = Vi(Cip — Cp/Vy — &p,C)). Here, the corre-
sponding buffer is 10 mM Tris buffer (pH 8) with different
NaCl concentrations. BSA product number is A3059 and
myoglobin product number is MO0630, both from Sigma-
Aldrich Company.

BSA has a high ion exchange capacity on Q-Sepharose FF
resin at pH 8 Tris buffer (10 mM), with a high favorable
nonlinear equilibrium isotherm, because the isoelectric point
(pl 4.7) of BSA is far from the buffer pH value (pH 8). The
ion exchange equilibrium isotherm of BSA on Q-Sepharose
FF resin with the dependence on NaCl concentration can be
represented by the SMA model as

qBSACthA
Kgsa [fio — (zBsa + UBSA)QEESA/MBSA}

CBSA = ZBSA

qBSA C6 03

(6.03 + 75)qBSA/MBSA

= (14)
10.83[0.210 — %%

where q{aES A and Cggsa are expressed in kg/m3 , Cs in M, and
Mgsa is BSA molecular weight (65400), go = 0.21 M for Q-
Sepharose FF resin at pH 8 buffer measured by Whitley
et al.3! The model parameters, zgsa = 6.03 and Kgsa =
10.83, are estimated from the plot of log(qg'JSA/CBSA) ver-
sus log(Cs) with the slope of zggsa, and intercept equal
to log(Kpsagy™) under linear IE equilibrium isotherms, as
shown in Figure 4a; experimental data are taken from Figure
3a for linear cases [IE for diluted BSA solutions at high salt
concentrations (200-300 mM NaCl)]. The other model pa-
rameter, ogsa = 75, is measured by fitting the nonlinear IE
equilibrium data with Eq. 14 at various salt concentrations,
and then an average value over the range of salt concentra-
tions is assigned to ggsa. The predicted values by Eq. 14 are
close to the experimental results at various salt concentra-
tions, as shown in Figure 3a.

Since the pH value (pH 8) in 10 mM Tris buffer
approaches the isoelectric point of myoglobin (pI 7.4), the
ion exchange amount of myoglobin on Q-Sepharose FF resin
is very small even at low salt concentration. Over a wide
myoglobin concentration range, the linear ion exchange equi-
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librium isotherms can be found at different NaCl concentra-
tions. Based on the experimental results shown in Figure 3b,
the linear IE equilibrium isotherm of myoglobin on Q-
Sepharous FF resin is expressed as

ZMYO

a0 = %CMYO =0.02576C5' 2Cyyo (15
S

where q{&Yo and Cyyo are expressed in kg/m3, Cs in M,
and go = 0.21 M. The model parameters, zy;yo = 1.22 and
Kymyo = 0.1729, are estimated from the plot of log(¢%yo/
Cwmyo) versus log(Cs) for linear IE equilibrium isotherms, as
shown in Figure 4b. The predicted values by Eq. 15 are close
to the experimental results at various salt concentrations, as
shown in Figure 3b.

Furthermore, breakthrough curves of BSA and myoglobin
are measured in a fixed bed, as shown in Figure 5a—c, where
XK16/20 column is packed with Q-Sepharose FF anion
exchangers, packed height 100 mm, column diameter 16
mm, bed voidage 0.35 (estimated from a given mass of
drained resins to pack the column, drained resins with 1050
kg/m® density). The experimental data of breakthrough
curves are compared with the simulation results in Figure 5,
to confirm the accuracy of ion exchange equilibrium
isotherm expressions (Eq. 14 for BSA and Eq. 15 for myo-
globin). The mass transfer coefficients kp; of BSA and myo-
globin are evaluated by fitting the experimental data of
breakthrough curves with the LDF model. For myoglobin
with linear adsorption isotherm, kpyryo can be calculated by
Eq. 7 with Dpemyo = 3.0 X 107" m?s; for BSA at 300
and 200 mM NaCl buffer, kpgsa can be calculated using
Eq. 7 with Dpegsa = 1.5 X 107" m%/s, kpgsa = 0.00278
s~ at 150 mM NaCl and kpgsa = 0.00139 s™' at 100 mM
NaCl. Moreover, as commonly observed by many authors,
there exist a severe tailing behavior of BSA breakthrough
curve as the effluent approaches the feed concentration. In
previously published articles,?”¥23% the tailing behavior was
explained by the presence of dimer in BSA sample, or micro-
porous diffusion in the macroporous adsorbent, or protein
aggregation into dimer or trimer on the adsorbed surface of
adsorbents. Up to now, the explanation of the tailing behav-
ior for the adsorption of larger protein molecule is still unclear.

The salt adsorption equilibrium on Q-Sepharose FF resin
is expressed as

g =022 (— 05+ 0.5\/1 +4x 1.09><c§/0.222)

=011 (= 14 /1 +90.083¢3) (16)

1-’34

according to Houwing et al.,”™ and salt concentration Cg in M.

Results and Discussion

Transient concentration profiles formed in salt
gradient IE-SMB

Houwing et al."' reported experimental results for the sep-
aration of BSA and myoglobin by salt gradient IE-SMB
chromatography; operating conditions and SMB configuration
are shown in Table 1. The salt gradient was formed in the
IE-SMB chromatography by introducing feed with a lower
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Figure 5. BSA and myoglobin breakthrough curves at
various NaCl concentrations.

Circles: experimental data; lines: simulation results with
LDF model. (a) Single component breakthrough curve for
BSA. 0 = 7.2 mL/min (100 mM NaCl), Q = 7.0 mL/min
(150 mM NaCl), 0 = 7.0 mL/min (200 mM NaCl), Q =
3.5 mL/min (300 mM NaCl). (b) Single component break-
through curve for myoglobin. 0 = 4.0 mL/min (100 mM
NaCl) and Q = 4.75 mL/min (300 mM NaCl). (c) Binary
breakthrough curves BSA/MYO. QO = 4.9 mL/min (200
mM NaCl), Cgpsa/Crmyo = 0.5 kg/m*/0.1 kg/m”.

salt concentration (0.15 M NaCl) and desorbent with a higher
salt concentration (0.27 M NaCl). When the feed with BSA
and myoglobin was applied to the salt gradient IE-SMB, the
weakly retained component, myoglobin was eluted with the
raffinate stream, and the large BSA molecule was eluted
from the extract stream as a strongly retained component.
Their experimental results confirmed qualitatively that BSA
and myoglobin can be separated efficiently by the salt gradi-
ent [E-SMB chromatography.

Figures 6-8 show a series of the transient concentration
profiles formed in the salt gradient IE-SMB, which are calcu-
lated by the gradient SMB model based on the experimental
conditions and configuration listed in Table 1, to demonstrate
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Table 1. Configuration and Experimental Conditions for BSA and Myoglobin Separation by Salt Gradient Ion-exchange SMB

Configuration Feed Composition

Desorbent Composition Flow Rates (mL/min)

Open loop 2-2-2-2;
switch time 4.182 min,
columns packed with
Q-Sepharose FF resin,
column diameter 10 mm,
packed height 90.4 mm,
bed voidage 0.39

CE =0.15M,
CEsa = 0.5 kg/m’,

Chivo = 0.1 kg/m®

C? =027M Op = 294,
O = 1.03,
OF = 2.02,
Or = 2.05

Experimental results shown in Figure 6 of the literature.'!

the process of the salt gradient formation and the efficient
separation process of BSA and myoglobin by salt gradient
IE-SMB. The adsorption equilibrium isotherm of proteins
reported by Houwing et al.'' are linear (Egs. 13a and 13b).
It is not clear from the work reported by Houwing et al.''
which is the protein concentration of the feed. Here we esti-
mate the feed with 0.5 kg/m®> BSA and 0.1 kg/m® myoglobin
during the simulation. Since this is linear adsorption, the
absolute concentration levels of the proteins are irrelevant to
the operation conditions.

Figure 6 shows the cases in the first full cycle (switch 8
times), where the transient concentration profiles before next
switch are shown successively from the initial state in salt
gradient IE-SMB. Before feed is applied to the column, the
salt gradient in IE-SMB has been formed by introducing the
corresponding salt solutions to the columns, as shown in
Figure 6 for the case with ¢+ = 0. Then the feed with BSA
(0.5 kg/m?), myoglobin (0.1 kg/m?), and salt (0.15 M NaCl)
is introduced to the column in section III, and the desorbent
with 0.27 M NaCl is simultaneously applied to the column in
section I to desorb the bound proteins. With the switch of
inlet and outlet lines, the strongly retained component BSA
moves gradually downward to the extract port, and the
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weakly retained component myoglobin moves gradually
upward to the raffinate port, as shown in Figure 6. The salt
gradient will redistribute dynamically according to the salt
concentrations in feed and desorbent and switch frequency.

After 10 cycles (about switch 80 times), a cyclic steady
state can be reached, as shown in Figure 7, where concentra-
tion profiles at half switch time are almost identical for two
successive cycles. Salt gradient is formed easily in IE-SMB
and reaches quickly the cyclic steady state. The internal con-
centration profile for the weakly retained component myoglo-
bin quickly reached the cyclic steady state also. However, it
takes more than 10 cycles to reach the cyclic steady state for
the BSA concentration profile.

After the cyclic steady state is reached, the concentration
profiles at the end of a switch time interval are the same as
at the beginning of this interval, but they are advanced one
column. These profiles will be reproduced in the same way
column after column. A typical evolution of the internal con-
centration profiles during a switch time interval at the cyclic
steady state (20 cycles), is shown in Figure 8.

When comparing the simulation results with the experimen-
tal data reported by Houwing et al."' (shown in Figure 6),'" it
was found that the internal concentration profiles of salt and
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Figure 6. Transient concentration profiles before next switch in salt gradient IE-SMB with open loop in the first full
cycle, operating conditions for the simulations shown in Table 1.
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Figure 7. Concentration profiles at half switch time
with different cycles in salt gradient IE-SMB
with open loop, operating conditions for the
simulations shown in Table 1.

myoglobin at half switch time calculated by the gradient SMB
model agree reasonably with the experimental results, but a
deviation is found for the internal concentration profile of
BSA, where the simulation results are higher than the experi-
mental data. From the global BSA mass balance, it seems that
the cyclic steady state was not reached for BSA if BSA concen-
tration in feed was 0.5 kg/m3 in this experiment. As shown in
Figure 7, it takes more than 10 cycles to reach the cyclic steady
state for BSA concentration profile. The other explanation for
the BSA profile deviation is the reequilibrium limitation of
BSA and salt in sections I and II as a result of the short switch
time interval during experiments, suggested by one reviewer.
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Figure 8. Cyclic steady state internal concentration
profiles during a switch time interval in salt gra-
dient IE-SMB with open loop, operating condi-
tions for the simulations shown in Table 1.
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Figure 9. Cyclic steady state internal concentration
profiles during a switch time interval in salt
gradient IE-SMB with open loop, C2 = 0.3 M
and C§ = 0.13 M and other operating condi-
tions for simulations shown in Table 1.

In the gradient SMB model, we assume the reequilibrium of
proteins and salt attainted instantaneously.

Moreover, poor regeneration of adsorbents is found in sec-
tion I. Since the BSA IE amount is sensitive to the salt con-
centration in the buffer, a simple and easy method to
improve the regeneration of the adsorbent in section I is to
increase the salt concentration in the desorbent. Figure 9
shows the simulation results when the salt concentration is
increased to 0.3 M NaCl in desorbent, and the salt concentra-
tion in the feed is adjusted correspondingly as 0.13 M NaCl
in order to keep similar separation in sections III and IV as
before (Figure 8). As shown in Figure 9, the adsorbent in
section I can indeed be regenerated very well, there is almost
no loss of BSA in the effluent stream from section IV, and
the BSA average concentration in the extract stream can be
increased to 1 kg/m’. Enrichment of BSA in the extract
stream up to 2 means BSA is concentrated relative to the
feed flow during separation. Enrichment is defined as

CE

E; = C—’F in extract stream (17a)
R

E; = C—’F in raffinate stream (17b)

i
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Table 2. Operating Conditions for the Simulations and Configurations of Salt Gradient Ion-exchange SMB

Run A

Run B Run C

Configuration Open loop, 2-2-2-2

CE=013M
Chsa = 0.3 kg/m®
Chiyvo = 0.1 kg/m®

Feed composition

Desorbent composition (M) C2 =030

Flow rates (mL/min) Op = 2.94
Qg = 1.03
Or = 2.02
Or = 2.05
Qrec =0

Switch time (min) 4.182

Closed loop, 2-2-2-2 Closed loop with a holding
vessel, (Vs = 10 mL), 2-2-2-2

cE=013M

Chen = 0.3 kg/m®

Chyvo = 0.1 kg/m®

CE=0.13M
Chen = 0.3 kg/m®
Chyvo = 0.1 kg/m?®

CP =034 CP =034
Op = 1.06 Op = 1.06
O = 1.03 O = 1.03
Or = 2.02 O = 2.02
Or = 2.05 Ogr = 2.05
Orec = 1.88 Orec = 1.88
4.182 4.182

Columns packed with Q-Sepharose FF anion exchangers, column diameter 10 mm, column packed height 90.4 mm, bed voidage 0.39 (reference to the design

done by Houwing et al.'").

In the raffinate stream, the myoglobin average concentration
is about 0.1 kg/m3, not diluted relative to the feed flow. The
enrichment of protein concentration in the extract stream is
a significant improvement in gradient SMB when compared
with isocratic SMB. However, the local protein concen-
trations are high in section II in the salt gradient SMB
unit, which would cause precipitation if a protein has a lower
solubility in the solution with medium or high salt concen-
tration.

With the increase of salt concentration to 0.3 M in desor-
bent, the local concentration of BSA in section II becomes
very high; the simulation with the linear IE equilibrium iso-
therm would result in deviation from the actual process.
Based on our experimental results, with 0.3 M NaCl in
buffer, over a wide BSA concentration range (0-3 kg/m3), 1IE
equilibrium isotherm of BSA on Q-Sepharose FF resin is still
linear. But in sections II and III of the gradient SMB unit,
there exist lower salt concentration zone for adsorption and
desorption of high concentration BSA, where the linear IE
equilibrium isotherm is not valid. Therefore, the nonlinear IE
equilibrium isotherm should be considered.

Comparison of gradient SMB configurations: open loop,
closed loop, and closed loop with a holding vessel

The detailed operating conditions for three configurations
of gradient SMB are listed in Table 2, open loop (Run A),
closed loop (Run B), and closed loop with a holding vessel
(Run C). In the case of open loop, desorbent with 0.3 M
NaCl is applied to the columns at 2.94 mL/min flow rate; for
closed loop, desorbent flow rate can be decreased to 1.06
mL/min because of the recycle of liquid from section IV, but
the salt concentration should be increased to 0.34 M NaCl in
desorbent to keep the similar salt gradient in columns of
SMB unit. The simulation results at the cyclic steady state
(20 cycles) are shown in Figures 10 (open loop), 11 (closed
loop), and 12 (closed loop with a holding vessel Vs =
10 mL), respectively. Here, BSA concentration in feed is
assigned as 0.3 kg/m3, instead of 0.5 kg/m3 used before, and
the linear adsorption equilibrium isotherms of BSA and myo-
globin (Egs. 13a and 13b) are used in simulations.

In open loop, as shown in Figure 10, in the positions of
column 4 of section II and column 8 of section IV, salt con-
centrations dynamically vary during a switch time interval.
The direct recycling of liquid stream from section IV to sec-
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tion I in closed loop, will cause the dynamic change of salt
concentration in section I also, as shown in Figure 11, where
the salt concentration decreases gradually and makes the ad-
sorbent regeneration inefficient in section I. When a holding
vessel with 10 mL volume (about 1.5 column volume) is
used to mix online the desorbent with the recycled stream
from section IV before applied to column 1 in section I in
closed loop, as shown in Figure 12, the dynamic change of
salt concentration in section I during a switch time interval is
indeed weak, which favors the adsorbent regeneration in sec-
tion L.
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Figure 10. Internal concentration profiles at cyclic
steady state (20 cycles) in salt gradient IE-
SMB with open loop, operating conditions
for the simulations shown in Table 2 (Run A)
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Figure 11. Internal concentration profiles at cyclic
steady state (20 cycles) in salt gradient IE-
SMB with closed loop, operating condi-
tions for the simulations shown in Table 2
(Run B).

Here, similar salt gradients are formed in open loop,
closed loop, and closed loop with a holding vessel at given
operating conditions (Table 2); BSA and myoglobin can be
separated with almost identical efficiency by the three kinds
of configurations of gradient SMB.

Comparison of the two strategies of modeling, gradient
SMB/gradient TMB model

Two models are frequently used to simulate an SMB unit:
one is the true moving bed (TMB) model, which assumes
equivalence with an ideal unit where the solid and the liquid
phases move countercurrently; the other is the SMB model,
where the dynamics associated with the periodic shift of the
inlet and outlet lines is taken into account. It is known that
the prediction of the isocratic SMB operation can be carried
out through the equivalent isocratic TMB approach when the
SMB unit is constituted by, at least, two columns per section
(a total of eight columns). Here, we will present the compari-
son of the two strategies of modeling, gradient SMB model,
and equivalent gradient TMB model for predicting internal
concentration profiles in gradient SMB chromatography.

Figure 13 demonstrates the internal concentration profiles
at steady state in salt gradient IE-SMB with open loop and
closed loop, respectively, predicted by the equivalent gradi-
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ent TMB model. The mathematical model equations for the
equivalent gradient TMB model are given in the Appendix.
Operating conditions are identical to those in Figure 10 for
the corresponding open loop predicted with the gradient
SMB model, and to those in Figure 11 for the corresponding
closed loop predicted with the gradient SMB model, respec-
tively. The salt gradient formed in IE-SMB chromatography,
i.e., in sections I and II with higher salt concentration and in
sections III and IV with lower salt concentration, are identi-
cal when predicted by the gradient SMB model and by the
gradient TMB model. However, the actual dynamical
changes of salt concentrations in the positions of column 4
in section II and column 8 in section IV, and column 1 in
section I (in particular for the closed loop) cannot be pre-
dicted by the gradient TMB model; also the corresponding
significant change in BSA concentration cannot be repre-
sented by the gradient TMB model. It seems that the devia-
tion between the predictions by the gradient SMB model and
gradient TMB model becomes small for the weakly retained
myoglobin, as a result of the small effect of salt concentra-
tion on myoglobin ion exchange amount. From the point of
view of global mass balance of BSA, myoglobin and salt in
salt gradient IE-SMB chromatography, when two proteins
can be separated completely, protein concentrations in extract
and raffinate predicted by two models should be identical, so
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Figure 12. Internal concentration profiles at cyclic
steady state (20 cycles) in salt gradient IE-
SMB with closed loop and a holding vessel
(Vs=10 mL), operating conditions for the
simulations shown in Table 2 (Run C).
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Operating conditions for simulations are identical with
Figure 10 (open loop, predicted by the gradient SMB
model) and Figure 11 (closed loop, predicted by the gradi-
ent SMB model).

Figure 13.

as primary design of the gradient SMB chromatography, the
simple gradient TMB model is applicable, because it can
save computer time for the selection and optimization of
flow rates in each section.

Strategies for the selection of salt gradient in

IE-SMB chromatography

The separation factor is defined as

:Cll/C1

S
12 7/C

(18)

Table 3 lists the separation factors of BSA/myoglobin by
Q-Sepharose FF anion exchanger at various salt concentra-
tions, estimated approximately based on linear adsorption
isotherms for BSA and myoglobin over 200-300 mM NaCl
range (taken from Eqs. 14 and 15).

Thsa = KnsaCrsa = (0.49 + 8.8636X107*C5 ") Cpsa (19)

Tiryo = KnyoCumyo = (0.64 +0.02576C5 ") Cyyo  (20)

Results in Table 3 show that the separation factor of these
proteins depends evidently on salt concentration in Tris
buffer. When NaCl concentration in Tris buffer (pH 8) is
lower, the separation factor is larger; for example, with
200 mM NaCl in Tris buffer, Sgsamyo is 18.24, BSA and
myoglobin can be separated easily by IEC. With the increase
of salt concentration, the separation factor becomes signifi-
cantly smaller. When salt concentration is up to 400 mM
NaCl, the separation factor approaches 1, which means BSA
and myoglobin cannot be separated by IEC. This phenomena
is called azeotrope.®®> By increasing further the salt concen-
tration, a reversal of separation is found, that is myoglobin
becomes the more retained component and BSA becomes the
less retained component, and the separation behavior of BSA
and myoglobin in IEC is more close to that in SEC.

A step-wise salt gradient can be formed easily in IE-SMB
packed with Q-Sepharose FF resin by introducing the feed
with lower salt concentration and the desorbent with higher
salt concentration. The lower salt concentration formed in
sections III and IV will favor the separation of BSA and
myoglobin as a result of the high separation factor. During
the design, we assign salt concentration less than 0.2 M in
sections III and IV; with the high separation factor, the sepa-
ration of BSA and myoglobin becomes easy in section III,
and a high feed throughput can be performed. In sections I
and II of the IE-SMB unit, the higher salt concentration is
formed to desorb efficiently BSA and myoglobin molecules
adsorbed on Q-Sepharose FF resin in order to reduce the
desorbent consumption; however, salt concentration should
be less than 350 mM NaCl, as a result of the significant
decrease of the separation factor in section II.

Conclusions

Based on theoretical analysis, it is demonstrated that the
separation and purification of proteins can be performed
effectively by salt gradient IE-SMB chromatography.
Although the experimental work done by Houwing and cow-
orkers'' confirmed qualitatively the potential application of
proteins separation by salt gradient IE-SMB, further experi-
mental validation is still necessary.

The selection of salt gradient is a key issue and is also flexi-
ble in the design of proteins separation and purification by salt
gradient IE-SMB chromatography. In sections I and II of IE-
SMB, a high salt concentration is assigned to desorb the bound

Table 3. Separation Factor of BSA to Myoglobin by Q-Sepharose FF Anion Exchanger under the Linear
Adsorption Equilibrium Isotherm

Salt Concentration

in pH 8 Tris

Buffer (10 Il’lM) KBSA KMYO SBSA,MYO Comments

200 mM NaCl 15.024 0.824 18.24 BSA: the more retained; Myoglobin: the less retained
250 mM NaCl 4.275 0.780 5.48 BSA: the more retained; Myoglobin: the less retained
300 mM NaCl 1.751 0.752 2.33 BSA: the more retained; Myoglobin: the less retained
350 mM NaCl 0.988 0.733 1.35 BSA: the more retained; Myoglobin: the less retained
400 mM NacCl 0.712 0.719 0.99 Azeotrope

500 mM NaCl 0.548 0.700 0.78 Myoglobin: the more retained; BSA: the less retained;

Similar to size exclusion SMB
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proteins on ion exchangers in order to reduce the desorbent
consumption, but one should avoid using too high salt concen-
tration, as a result of the significant decrease of separation fac-
tor in section II, and also because sometimes salt concentration
may be limited by the proteins solubility. In sections IIl and IV,
a lower salt concentration is assigned to increase adsorption of
proteins, but for the case of protein purification from some
impurities, the salt concentration should be raised a little to
decrease the adsorption of impurities and contaminants on ion
exchangers. Moreover, when the gradient SMB is run in closed
loop to further reduce solvent consumption, it is better that a
holding vessel with a given volume is added to the system to
mix online the desorbent with the recycled liquid stream from
section IV during switching interval, in order to reduce solvent
strength fluctuation in section I.

Although it is known that the prediction of the isocratic SMB
operation can be performed through the equivalent isocratic
TMB approach when the SMB unit is constituted by, at least,
two columns per section, some deviation is found between pre-
dictions from the gradient SMB model and the equivalent gradi-
ent TMB model. When the simple gradient TMB model is used
to optimize flow rates in each section for the desired separation
and purification of proteins by salt gradient IE-SMB chromatog-
raphy, results must de used with caution.
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Notation

C = concentration in the fluid, kg/m?
D;o = diffusivities of proteins and salt in water (m%/s).
D, = axial dispersion coefficient (m?%/s)
dp = particle diameter (m)
Dp. = effective pore diffusivity in adsorbent (m%/s)
E; = Enrichment, defined by Eq. 17
K = binding constant in SMA model
kp = mass transfer coefficient (s~ ')
Lc = column packed length (m)
g = average adsorbed concentration in adsorbent, kg/m® particle
g* = adsorbed concentration in equilibrium with fluid con-
centration (kg/m3)
go = total ionic capacity of ion exchanger (mmol CI~'/mL
particle for anion exchanger)
Q = volumetric liquid flow rate (m®/s)
Qs = solid volumetric flow rate (m’/s), Qs = (1 — &5)V¢/
Tswitch
S12 = separation factor, defined by Eq. 18
t = time (s)
tewiteh = Switch time (s)
u = superficial liquid flow velocity (m/s)
us = solid flow velocity (m/s), us = Lc/tswitch
Ve = the column packed volume (m”)
Vi = the solution volume in batch experiment (m?)
Vs = volume of the holding vessel (m)
V§ = the adsorbents volume in batch experiment (m?)
z = characteristic charge in SMA model
Z = axial distance from the column entrance (m)
o = steric factor in SMA model
eg = bed voidage in column (m*/m>)
& = particle porosity of adsorbent (m*/m?)
T = tortuosity factor in pore of adsorbent

Subscripts and superscripts

I, II, III, IV = section I, section II, section III, and section IV in SMB
unit
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D, E, F, R, rec = desorbent, extract, feed, raffinate, and recycle
IE = ion exchange
N = total columns in SMB unit
SMB = simulation moving bed
TMB = true moving bed
i = components, BSA, myoglobin, and NaCl
= section in SMB unit
= column number
salt, NaCl
= inlet, initial

=RZE N
Il
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Appendix: Model Equations for Gradient
TMB Model

In the gradient TMB model, the solid phase is assumed to
move in plug flow in the opposite direction of the fluid phase,
solid flow velocity as us = Lc/tswitch, While the inlet and outlet
lines remain fixed. As a consequence, each column plays the
same function, depending on its position (section).

Mass balance in a volume element of the bed in section j:

oCy;
ot

#Cy W™ oG, (1-s
822 EB /4

= Dy

ke @y — as| (A1)
Mass balance in the particle

%4y _ , i
ot Soz

+ kPij(q:';' - q:'j) (A2)

Initial conditions:

t=0:C; = g; = 0 for proteins (A3a)

before feed application to the column, a salt gradient has
been formed in the columns as

Csj = CSD, qsj = q’gj(C]SD) in sections I and 11 (A3b)
Csi=C§,  gs = q5;(C§) in sections M and IV (A3¢)

Boundary conditions in each section j for proteins and salt

9C:i
D]__jSB Y = I/[JTMB [C’:f‘Z:O - C,'jyo} (A4a)
oz |,_,
oCj;
Y =0 (A4b)
1o/4 71,
0q; _ 0qij—1 (Adc)
9z, , 0Z 71,
%ﬁ/“ 70 — qij-1 ’ Z-L, (A4d)
Mass balances at nodes:
at the desorbent node,
Ciio = C? open loop (A5a)
OpCP + O™ Cav|,_
Cio = P QITVMB IV|Z’L“’ closed loop (A5b)
I
at the extract node,
Cimo = Ci1|Z:LI (A5c¢)
at the feed node,
OrCt + QITIMBCi11| _
Cimo = TME Z=Lu (A5d)
O
at the raffinate node,
Civo = Ci111| Z=Lug (ASe)
Global balances:
MP = Op —[es/(1 — &8)]Qs open loop (AGa)
™MB = 0Op + O® closed loop (A6b)
=00 — Qe (A6e)
me = 05" + Ok (A6d)
W =0m —Or (A6e)

The equivalence between gradient TMB model and gradient
SMB model can be made in terms of flow rates, Q'™MB =
QM® — [ep/(1 — &p)]Qs, with Os = (1 — &p)V/lewireh. Here
Lc is column length, Vi is column volume, and fyicp 1S the
switch time interval in gradient SMB operation.
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