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a b s t r a c t

Simulated moving bed (SMB) chromatography, a continuous multi-column chromatographic process, has
become one of the preferred techniques for the separation of the enantiomers of a chiral compound.
Several active pharmaceutical ingredients, including blockbuster drugs, are manufactured using the SMB
technology. Compared to single column preparative chromatography, SMB separations achieve higher
productivity and purity, while reducing the solvent consumption. The SMB technology has found appli-
riangle theory
imulation and optimization
quilibrium theory

cations both at small and large scales. Design methods have been developed for robust operation and
scale-up, using data obtained from analytical experiments. In the last few years, rapid developments have
been made in the areas of design, improved process schemes, optimization and robust control. This review
addresses these developments, as well as both the fundamentals of the SMB science and technology and
some practical issues concerning the operation of SMB units. Particular emphasis is placed on the con-
solidation of the “triangle theory”, a design tool that is used both in the academia and industry for the

design of SMB processes.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Chirality, or handedness, is ubiquitous in nature, from the
icroscopic scale of molecules to the macroscopic scale of living

rganisms. At a molecular level, chiral compounds, e.g. those fea-
uring a tetrahedral carbon atom bonded to four different functional
roups, exist in two non-superimposable mirror image forms,
alled enantiomers. Several amino acids present in living organ-
sms are chiral, and their interactions with other chiral molecules
re stereospecific. This is particularly important in the case of syn-
hetic pharmaceuticals administered as racemates (a 50:50 mixture
f the two enantiomeric forms) since the interaction of the enan-
iomers with the biological receptors can give rise to dramatically
ifferent effects. In the simplest case, one enantiomer exhibits
he intended pharmaceutical activity while the other is inert and
armless. However, as demonstrated in the case of the racemic
dministration of thalidomide, a case that spurred both research
nd regulations on chiral chemistry, one enantiomer exhibited
he intended pharmaceutical activity, while the other was tragi-
ally toxic.1 Though the stereospecific effect of pharmaceuticals
as known for a long time, it was not until the early 1990s that

trict regulations to study the effect, and eventually to manufacture
ingle-enantiomers, were put in place [2]. These new regulations
ave had a major impact on the pharmaceutical industry. The
ercentage of single-enantiomeric drugs in the market increased

rom 10% before the 1990s to about 37% in 2005, when the sale
f single-enantiomeric pharmaceutical products amounted to US$
25.22 × 109 (2005 prices) [3,4].

1 It is worth noting that it was later discovered that the enantiomers of thalido-
ide can racemize in vivo, i.e. transform one into the other so as to attain a 50:50

omposition, thus eventually leading to the formation of both the benign and the
oxic form whatever the administered enantiomer is [1].
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.1. Routes to enantiopure substances

Pure single enantiomers can be obtained via two different
outes, i.e. either starting from a chiral moiety and obtaining the
nantiomer of interest after a series of chirality-preserving transfor-
ations, or starting from an achiral molecule and forming through

ymmetric steps the racemate, i.e. the 50:50 mixture of the two
nantiomers that are resolved thereafter using a suitable separation
echnique.

Two prominent techniques in the first route are the synthe-
is from a chirality pool and the asymmetric, or enantioselective,
ynthesis. The former uses a naturally occurring chiral entity as a
tarting material, and is often preferred for cases where the syn-
hesis steps are straightforward [5]. The limiting factor in this case
s the availability of a molecule in the chirality pool suitable for the
ynthesis of the target enantiomer. New entities are being continu-
usly added to the chirality pool, thus making such an option always
ery attractive. Enantioselective synthesis exploits a suitable chiral
atalyst, either homogenous or heterogeneous, to perform an enan-
ioselective reaction that results, in one or more steps, in the target
nantiomer at high purity. The limiting factor here is the availability
f a enantioselective and effective catalyst. Rapid progress in this
rea is making enantioselective synthesis increasingly applicable
n pharmaceutical manufacturing [6–8].

The second route starts with the synthesis of the racemate fol-
owed by a resolution step, either by kinetic (including enzymatic)
esolution, crystallization or by preparative chromatography. In the
ase of preferential crystallization [9] a supersaturated solution of
he racemic mixture is seeded with the desired enantiomer thereby
esulting in the formation of crystals of the desired enantiomer

hich can then be separated from the mother liquor by filtration.

n another method, a suitable chiral additive is added to the race-
ate thus resulting in the formation of a diastereomeric salt, whose

wo forms exhibit different solubilities and can be separated by
onventional crystallization [10].
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A. Rajendran et al. / J. Chro

Preparative enantioselective chromatography implemented
ither as a single- or as a multi-column process is generally
egarded as a versatile and powerful enantioseparation tool [11,12].
n this case, the chromatographic separation is performed using

column packed with a suitable chiral stationary phase (CSP)
hat exhibits selectivity and resolution for the two enantiomers.
ver the past 20 years, several stationary phases have been devel-
ped, e.g. poly-saccharides [13,14], Pirkle type stationary phases
15], cyclodextrins [16], and others, which provide the practitioner
ith a wide library to choose from. Luckily enough, most chiral
olecules can be separated by a small library of stationary phases

11]. Further, preparative chromatography is rather simple to oper-
te and straightforward to scale up [17,18].

.2. Preparative chromatography

Chromatography is conventionally operated in the “elution
ode” [17–20]. In this mode, the separation is achieved by injecting

ulses of the solute mixture into a stream of mobile phase flowing
hrough a chromatographic column packed with a suitable station-
ry phase. Since different solutes have varying degrees of affinity to
he stationary phase, they move with different velocities in the col-
mn. The less retained component will exit the column earlier than
more retained one. Using a switching valve at the column outlet

ractions of different components can be collected in independent
essels. The next pulse can be injected at a suitable time that avoids
verlap with the previous one and by repeating this operation the

eparation of a given amount of feed can be achieved. This process
s, however, not continuous and therefore its productivity is lim-
ted. Elution chromatography can be illustrated using the analogy
hown in Fig. 1 a, where we consider a group of swift cats and slug-

ig. 1. The cat-turtle separator analogy for understanding elution and counter-
urrent chromatography. (a) Schematic and analogy for elution chromatography.
b) Analogy for countercurrent chromatography. (c) Schematic for countercurrent
hromatography.
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ish turtles running and walking on a track. Since the cats run at a
elocity greater than that of the turtles, although starting together
he band of cats will soon completely separate from the turtles and
ill reach the end of the path first.

Let us consider now the situation illustrated in Fig. 1 b. In this
ase, the cats and the turtles run and walk on a conveyor belt that is
oving in their opposite direction at a velocity that is intermediate

o that of the two groups of animals. Therefore the cats have a net
elocity to the right, while the turtles to the left. If cats and turtles
eep jumping onto the middle part of the belt, they will be conveyed
o the two different ends of the belt, i.e. they will be separated. Note
hat two other situations may occur, where cats and turtles do not
ctually split. On the one hand, if the velocity of the belt is less
han that of the turtles, then both species will be collected at the
ight end of the belt. On the other hand, if the velocity of the belt
s larger than that of the cats, then both species will be collected
t the left end of the belt. Hence, the critical design parameter for
uch a conveyor belt separation is the relative velocity of the belt
ith respect to that of the animals.

Returning to chromatography, the equivalent concept is that of
he continuous countercurrent column shown in Fig. 1 c, where
he fluid and also the solid flow, but in opposite directions. The
acemic mixture to be resolved is fed continuously in the mid-
le of the column and the two enantiomers are collected at the
wo opposite column ends. The advantages of the elution mode
re clearly the simplicity of construction, operation and control of
he chromatographic equipment. However, in terms of productivity
nd solvent consumption, which are indicators of production costs,
ts performance is rather modest. A well known general property in
hemical engineering is the superior efficiency offered by counter-
urrent processes in which the two phases to be contacted move
n the opposite directions [21]. This concept is exploited in sev-
ral commonly used separation processes such as distillation, gas
bsorption, liquid-liquid extraction. This suggests that the moving
ed of Fig. 1 c may indeed be more efficient than the fixed bed
olumn of.

In the case of chromatographic process, the countercurrent
peration could be implemented through the True moving bed
TMB) unit shown in Fig. 2, where the classical four section con-
guration is considered for the separation of a binary mixture that

s fed continuously between Sections 2 and 3. The desorbent, i.e. the
olvent or the mixture of solvents constituting the mobile phase,
s introduced continuously into Section 1, and the extract and the
affinate products are collected at the ports located at the outlet
f Sections 1 and 3, respectively. The solvent that exits Section 4,
hich should contain none of the two enantiomers to be sepa-

ated, can then be recycled to Section 1. In a similar fashion, the
olid phase after regeneration is recycled from Section 1 to Sec-
ion 4. If operated under appropriate conditions, the feed mixture
an be separated so as the less retained enantiomer (the yellow
pecies, labelled B) is carried by the fluid and is collected at the raf-
nate port, while the more retained enantiomer (the blue species,

abelled A) is conveyed by the solid phase towards the extract port.
The TMB process possesses unique advantages compared to

lution chromatography. Firstly, in the TMB process, there is no
equirement to achieve complete resolution of the two solutes
o obtain pure products. This is particularly advantageous as it
aves the way for effective resolution of mixtures whose compo-
ents have similar retention properties, i.e. low selectivity, also in
olumns with low efficiency. Secondly, the TMB process allows for

ontinuous processing of the feed thereby leading to an increase
n productivity. Finally, in the ideal case, the solvent consumption
an be reduced by recycling it. However, the TMB provides a seri-
us practical shortcoming as moving the solid causes mixing and
ttrition, and hence its realization is not easily achieved.
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Fig. 2. Schematic of four-section true moving bed (TMB) and simulated moving bed
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SMB) units separating a binary mixture (A and B). The arrows in the TMB scheme
ndicate the direction of the species fluxes in each section of the unit working under
omplete separation conditions. The dashed arrows in the SMB scheme represent
he port switch.

.3. A brief history of simulated moving bed technology

In 1961, Broughton and Gerhold from UOP introduced the con-
ept of simulated moving bed (SMB), as a practical implementation
f the TMB process [22].2 In the SMB process, illustrated in Fig. 2,
onventional fixed bed chromatographic columns can be used, and
he inlet and outlet ports to the unit are switched periodically in the
irection of the fluid flow so as to simulate, in a discontinuous man-
er, the continuous countercurrent movement of the solid phase in
he TMB process. Note that such continuous movement is simu-
ated better when the four SMB sections consist of a large number
f fixed bed columns and the port switch occurs at high frequency.
nder these conditions the SMB and TMB units are equivalent, with

he meaning that will be clarified in the next section.
The SMB process, originally developed for petrochemical

eparations that were particularly difficult to perform using con-
entional techniques such as distillation, has found widespread
pplication and more than 130 units have been licensed by UOP
23]. Later, in the early 1990s, the Eluxyl process was developed
t IFP for the separation of the isomers of xylenes [24]. The first
xamples of the SMB for enantiomer separations appeared in the
arly 1990s [25–27]. The interests in the development of the SMB
echnology grew once its potential to perform chiral separations
as realized [11,28]. Within five years of the first chiral separa-
ion demonstrations, UCB Pharma, in 1997, installed a multi-ton
MB unit for large-scale manufacturing [29]. Further in 2002, Lund-
eck’s single enantiomer drug Lexapro became the first US Food and
rug Administration’s (FDA) approved drug to be manufactured

2 The original process was called Sorbex and the first, and still most successful
pplications, deal with the separation of p-xylene from the C8 aromatic fraction
the Parex process), and the separation of linear alkanes from branched and cyclic
ydrocarbons (the Molex process).
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ig. 3. Publications related to SMB and enantioselective SMB separations. Total
umber of publications with keyword “simulated moving bed” = 603. Total number
f publications with keywords “simulated moving bed” and “Chiral or Enantiomer” =
72. Data are obtained from ISI Web of Science as of 1st of July 2008.

sing SMB technology [30]. This rapid escalation demonstrated the
dvantages offered by SMB and related processes. Although it is
ard to assess the full reach of the technology, due to confidential-

ty issues, several key APIs are manufactured in processes using this
echnology and several installations are being operated around the
orld [4,31,32]. The growth of the technology is also reflected in

he number of articles that were published on SMB and on enan-
ioselective SMB in the last years as shown in Fig. 3. Although a few
rticles were published in the late 1980s and early 1990s, it was
nly after 1995 that a rapid growth has been observed. It can also be
een that a significant number of these articles were devoted to the
pplication of SMB for enantiomer separations. Table 1 summarizes
he steady growth of the technology and highlights the challenges
aced at different periods of time. The reader is also referred to the
iterature where the development and application of the SMB has
een documented [12,18–20,23,28,33–36].

. Simulated moving bed modeling

Design, optimization and control of SMBs need a mathematical
odel of the process. In this section we present the model of the

MB process, as well as that of the TMB process, and compare the
wo. Both use as building block the model of a single column, either
fixed bed chromatographic column or a moving bed, and imple-
ent material balance equations at the nodes of the unit to connect

he columns according to the specific process configurations.
Chromatographic (or adsorption) columns can be modeled in

any different ways, corresponding to different levels of simplifica-
ion, whose description is beyond the scope of this review [17]. We
onsider in this section a detailed model, particularly the lumped
olid diffusion model, whereas we apply in the next section on SMB
esign the equilibrium theory model. The former is a good repre-
entative of the many detailed models that have been used in the
iterature, which has very often been used in the SMB studies. The
atter is a simplified model that has had a huge impact on the stud-
es of chromatography, both single- and multi-component, and on
hose on SMB. All models used in this work share the following set
f assumptions:
1) No radial concentration gradients in the column.
2) The operation is performed under isothermal conditions.
3) The fluid velocity is constant along the column.
4) All columns have identical void fractions.
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Table 1
Key developments in SMB technology.

Time State of SMB in the pharmaceutical industry Key issues facing researchers and industry Key developments

Up to early 1990s SMB technology yet to be adopted by the
pharmaceutical industries.

Need for rapid design methodologies. SMB technology available for large-scale
petrochemical/ sugar separations [22,23].

Fundamental understanding of the process. Development of design methods using
McCabe–Thiele methods [23].

Non-availability of reliable equipment, e.g.
pumps, switch valves etc. for small scale
operation.

Development of simulated moving bed
reactors [165].

Development of PowerFeed process [145].
Early 1990s to 2000 First industrial examples of enantiomer

separations appear in the open literature [27].
Need for robust design methods. Development of design tools: Triangle theory

[47,48], Standing wave theory [74].
Pharmaceutical industries take serious note

of SMB [166,167].
SMB process validation, regulatory issues,

confidence of the health authorities.
Demonstration of Supercritical fluid

simulated moving bed (SF-SMB) [132].
First SMB installed for large scale

manufacturing at UCB Pharma [29].
Demonstration of gas chromatography SMB

(GC-SMB) [116].
Concepts of hybrid separations e.g.

SMB-crystallization [160].
2000 till date Major pharma companies start using the

SMB [12].
Need for optimization tools and robust

control algorithms.
Development of novel configurations, e.g.

Varicol [140], Modicon [154], Partial feed [147].
Blockbuster drugs with APIs obtained

through SMB enantioseparation appear in the
market [32].

Need for better stationary phases. Development of robust control schemes
[104].
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Lexapro, manufactured using SMB, is
approved by FDA [30].

Environ
solvent re

5) No gradients of concentration within the stationary phase par-
ticle, which is described in terms of average concentration.

6) The particle is non-porous (this assumption could be easily
relaxed, but we enforce it for the sake of simplicity).

7) The linear driving force model is used to describe the interphase
mass transfer when necessary.

It is worth mentioning that one or more of these assumptions
an be relaxed as and when the practical situation warrants. The
eview of different modeling schemes is beyond the scope of this
ork and the reader is referred to works that deal with these

spects in detail [17,21].

.1. Simulated moving bed model

In the SMB model the transport of a solute i along the axial coor-
inate z of a chromatographic column in section j of the SMB unit
an be described by the following material balance:

j
∂ci,j

∂z
+ ∂

∂t

[
ci,j + 1 − ε

ε
ni,j

]
= DL,i,j

∂2ci,j

∂z2
(1)

here ci,j and ni,j are the concentrations of the solute in the fluid
nd solid phases respectively, ε is the void fraction of the column
nd DL,i,j is the axial dispersion coefficient, which may depend on
he fluid velocity. The interstitial fluid velocity in section j, vj , is
elated to the volumetric flow rate, Qj as vj = Qj/(Aε), where A
enotes the cross sectional area of the column. This equation is
oupled to the mass balance in the solid phase:

∂ni,j

∂t
= ki,j(n

∗
i,j − ni,j) (2)

here ki,j is the mass transfer coefficient that may also depend on
he fluid velocity, while n∗

i,j
is the solid phase concentration in equi-

ibrium with the fluid phase, which is given by a proper adsorption

sotherm:

∗
i,j = fi(cA,j, cB,j) (3)

or the classical SMB process, these node balances relate the inter-
al flow rates Qj , (j = 1, . . . , 4) to the external flow rates QD, QE, QF,

e
t
a
p
w

al concerns and need for
n.

Extension of Triangle Theory to generalized
Langmuir isotherms [59].

Design methodology for reduced purity
requirements [53].

R, that denote the flow rates of the desorbent, extract, feed and
he raffinate streams, respectively:

1 = Q4 + QD (4a)

2 = Q1 − QE (4b)

3 = Q2 + QF (4c)

4 = Q3 − QR (4d)

imilarly, component node balances can be written as

in
i,1 =

(Q4cout
i,4 + QDci,D)

Q1
(5a)

in
i,2 = cout

i,1 (5b)

in
i,3 =

(Q2cout
i,2 + QFci,F)

Q3
(5c)

in
i,4 = cout

i,3 (5d)

here the superscripts “in” and “out” refer to the inlet and out-
et streams, respectively. Eqs. (1)–(5d) along with suitable initial
nd boundary conditions can be solved numerically to obtain the
ransient behavior of the SMB unit. In addition, the switching mech-
nism is explicitly implemented by assuming that the internal
oncentration profiles are conserved within each physical column
hen the inlet and outlet ports are switched (every t∗ time units).

he transport of solutes in chromatographic columns can lead to
hock fronts, and hence it is important to use high resolution
chemes to solve the set of algebraic-partial differential equations
escribed above [37,38].

Fig. 4 shows the internal concentration profiles at cyclic steady
tate in an SMB unit which is designed for complete separation
f a binary mixture. Also shown is the evolution of the average

xtract and raffinate purities as a function of time. It can be seen
hat the SMB unit passes through a transient phase and then reaches
cyclic steady state, i.e. the time dependent behavior of the unit is
eriodic with the period equal to the switch time t∗. Further, it is
orth noting that in Sections 2 and 3 the two components are not
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Fig. 4. Internal concentration profile in the SMB unit (top) and time evolution of average concentrations in the product streams (bottom), for a closed loop SMB unit operated
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nder complete separation conditions. The arrows in the internal profile diagram re
he ports in the opposite direction, respectively. In the time profiles diagrams, the r
small number of switching periods is also shown for illustration.

ompletely resolved. However, it is possible to obtain pure compo-
ents at the exit ports of the unit by ensuring that the concentration

ronts approaching the outlet ports are pure. This is a characteris-
ic feature of the SMB that enhances its performance, compared to
lution chromatography, especially when using columns that have
ow efficiency.

Modifications and extensions of the SMB model allow for the
imulation of the whole variety of multi-column chromatographic
rocesses that are described in this review rather satisfactorily pro-
ided the model parameters are accurate enough. Fig. 5 a shows
n example of the prediction of internal concentration profiles,
t cyclic steady state, calculated using the SMB model [39]. Also
hown in the figure are experimental measurements of the concen-
ration of the solutes at the column outlets. It is clearly seen that
he SMB model provides a good description of the operation of the
nit.

.2. True moving bed model
To describe the TMB process of Fig. 2, each column is modeled
s a moving bed where the fluid flows with an interstitial velocity
j while the solid moves with a velocity us in the countercurrent
irection. The mass balance describing the solute movement can

t
s

c
s

nt the propagation of the fronts in the direction of the fluid flow, and the switch of
centration (as opposed to the average concentration) of the outlet streams during

e cast as

∂

∂z

[
vjci,j −

(
1 − ε

ε

)
usni,j

]
+ ∂

∂t

[
ci,j +

(
1 − ε

ε

)
ni,j

]
= DL,i,j

∂2ci,j

∂z2

(6)

he mass balance on the stationary phase can be written as

∂ni,j

∂t
= us

∂ni,j

∂z
+ ki,j(n

∗
i,j − ni,j) (7)

here n∗
i,j

is given by the adsorption isotherm, i.e. Eq. (3).
The system consisting of Eqs. (6) and (7), together with Eq. (3),

nd the node balances of Eqs. (4) and (5), describes the TMB process
hen proper initial conditions are assigned. Being a countercurrent
rocess the TMB model reaches a proper steady-state, i.e. indepen-
ent of time. This means that while the cyclic steady state of SMB
odels is still described by a set of partial differential equations

PDEs), the steady state model of the TMB is described by a set of

ime independent ordinary differential equations which are easily
olved than the PDEs.

Based on physical arguments, the SMB and the TMB processes
an be considered to be equivalent, i.e. to yield equal or similar
eparation performance, provided the following set of equivalence
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Fig. 5. Comparison of experimentally measured(symbols) and calculated (lines)
internal concentration profiles in an SMB unit. (a) Experimental system: Separation
of the enantiomers of pindolol on 1-acid glycoprotein chiral stationary phase, col-
umn configuration: 1/2/1/1. The symbols correspond to the off-line measurements
performed within a switching period, while the lines correspond to the predictions
using a SMB model. A bi-Langmuir isotherm was used to describe the adsorption
equilibria [39]. (b) Experimental system: Separation of the enantiomers of a pro-
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rietary compound on a chiral column, column configuration: 3/4/3/2. The symbols
orrespond to the experimental measurements performed, while the lines corre-
pond to the predictions using a TMB model. A modified Langmuir isotherm was
sed to describe the adsorption equilibria [40].

elationships are satisfied:

SMB
j = Q TMB

j +
(

ε

1 − ε

)
Qs (8)

V

t∗ = Qs

1 − ε
(9)

here Qj is the volumetric flow rate of the fluid in section j, Qs the
olumetric flow rate of the solid with Qs = usA(1 − ε), V the volume
f the chromatographic column and t∗ is the switch time of the SMB
nit. The superscripts SMB and TMB refer to the corresponding flow
ates in the SMB process and the TMB model, respectively. Such
elationships enforce the condition that the velocity of the fluid
hase relative to the solid phase be the same in the SMB and in the
MB columns, and that the solid velocity in the TMB unit equals the
imulated solid velocity in the SMB process.

Fig. 5 b shows a comparison of internal concentration profiles
redicted using the equivalent TMB model and concentration val-
es measured experimentally, on a SMB unit, at the product outlets
40]. It is evident that the TMB model results in a good descrip-
ion of the SMB operation. It is worth noting that an SMB system
ith infinite number of ports (or subdivisions within a section)

nd infinitesimal switch times will be theoretically identical to the
quivalent TMB process. However, in practice SMB units are formed

ith finite number of ports and hence a finite switch time. Several

tudies have addressed the issue of how closely do SMB models
ompare with the equivalent TMB model for a finite number of ports
41,42]. These studies performed numerical simulations of the two
rocess and compared their (cyclic) steady state internal concen-
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ration profiles and the purities of the extract and raffinate streams.
t was shown that that the two models yield identical results when
he number of ports is rather high and the differences between
hem increase when the number of ports decreases.

. Simulated moving bed design

Due to the cyclic steady state nature of the SMB process and the
ather complex dynamics of such a multi-column chromatographic
rocess, the detailed models presented in the previous section are
uitable for SMB simulations and SMB optimization, but are not
onvenient as a basis to develop criteria for SMB process design.
ver the last twenty years the use of the equilibrium theory of

inear and nonlinear chromatography extended to multi-column
rocesses has been proven to be an extraordinarily useful tool for
rocess design. This simplified approach is presented in this sec-
ion.

.1. Triangle theory for linear adsorption isotherms

In this section, design and operating criteria for the complete
eparation of a binary mixture of A (more retained solute) and B
n a non-retained solvent are derived. Using the linear isotherm, it
s shown that both SMB and TMB models lead to identical design
riteria.

.1.1. Derivation of design criteria from the simulated moving bed
odel

Let us consider the model of a chromatographic column within
he frame of the equilibrium theory, where axial dispersion is
eglected and local equilibrium between the fluid and the solid
hase is assumed, i.e. mass transfer resistances are considered neg-

igible. Under these assumptions, Eq. (1) can be recast as

j
∂ci,j

∂z
+ ∂

∂t

[
ci,j + 1 − ε

ε
n∗

i,j

]
= 0 (10)

rovided the isotherm relationship, initial and boundary conditions
re available, it is possible to work towards the solution of these
quations analytically using the method of characteristics [43–45].
et us assume that the adsorption isotherm is linear, i.e.:

∗
i = Hici (11)

here Hi is the Henry constant, and HA > HB. Under these condi-
ions Eq. (10) for A and B are decoupled and can be solved easily for
ach species. The retention time of a solute, tR

i,j
, injected at the inlet

f an SMB column located in section j at time t = 0 is therefore:

R
i,j = Vε

Q SMB
j

(
1 + 1 − ε

ε
Hi

)
(12)

riteria for achieving complete separation of the binary mixture in
he linear case can be derived by considering the specific role of
he different sections in the SMB unit. Sections 2 and 3 perform the
eparation and hence it is worth considering them first. The opera-
ion of Section 3 should be designed in such a way that the switch
ime should be larger than the retention time of component B in
ection 3 and smaller than that of A. This will ensure that compo-
ent B reaches the raffinate port, whereas component A does not
ontaminate it. In a similar fashion, Section 2 should be designed in
uch a way that the switch time should be larger than the retention

ime of component B in Section 2 and smaller than that of A. This
ill ensure that B is completely removed from the column and does
ot pollute the extract after the next port switch, whereas A is still
resent and can be collected in the extract. The role of Section 1 is to
nsure that component A be completely removed, or eluted before
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representation not only gives explicit design equations, but also
provides a methodology to rationalize the operation of the SMB
process in terms of mj values. Owing to the triangular nature of the
region denoting the complete separation on the (m2, m3) plane,
16 A. Rajendran et al. / J. Chro

he next switch, so that the stationary phase is completely regen-
rated. Hence, the switch time should be larger than the retention
ime of A in Section 1. Finally, the role of Section 4 is to ensure that
he fluid phase leaving is pure, i.e. solvent free of component B.
ence, the switch time should be smaller than the retention time
f component B in Section 4. Note that these considerations refer
o the situation, where at the beginning of the switching period
omponent A is present in Sections 1 and 2 and it is fed at the inlet
f Section 3, whereas component B is present in Section 2 and it is
ed at the inlet of Sections 3 and 4. It can be easily seen that this is
ndeed the situation that one wants to consider for design purposes.

The conditions described above can be translated into the fol-
owing constraints:

R
A,1 ≤ t∗ (13a)

R
B,2 ≤ t∗ ≤ tR

A,2 (13b)

R
B,3 ≤ t∗ ≤ tR

A,3 (13c)

∗ ≤ tR
B,4 (13d)

ubstituting Eq. (12) into these inequalities yields the following
xplicit constraints that have to be satisfied simultaneously so as
o ensure complete separation of the binary mixture:

A ≤ m1 (14a)

B < m2 ≤ HA (14b)

B ≤ m3 ≤ HA (14c)

4 ≤ HB (14d)

here mj is the dimensionless flow-rate ratio defined as

j =
Q SMB

j
t∗ − Vε

V(1 − ε)
= net fluid flow rate

net solid flow rate
(15)

.1.2. Derivation of design criteria from the true moving bed
odel

In the frame of the equilibrium theory of chromatography, the
odel for the true moving bed given by Eqs. (6) and (7) can be recast

s

∂

∂z

[
vjci,j −

(
1 − ε

ε

)
usn∗

i,j

]
+ ∂

∂t

[
ci,j +

(
1 − ε

ε

)
n∗

i,j

]
= 0 (16)

f suitable initial and boundary conditions are specified, this equa-
ion can be solved analytically for certain cases using the method of
haracteristics [43,44]. In the case of the linear adsorption isotherm
onsidered here the equations are decoupled and permit a very easy
olution.

Let us consider the four section countercurrent separation unit
hown in Fig. 2. The velocity of the solid phase, us, is constant along
he unit, whereas the velocity of the fluid phase, vj , is section depen-
ent. The net flux, fij , of a species i in section j of the TMB unit can
e written as

i,j = εvjci,j − (1 − ε)usn∗
i,j = ci,j(εvj − (1 − ε)usHi) (17)

here the first and the second terms account for the flux of species
in the fluid and solid phases, respectively, and Eq. (11) has been
sed.

The net fluxes defined by Eq. (17) are the key quantities that
etermine the operating regimes in the countercurrent unit of

ig. 2. In particular, the direction (or the sign) of the net fluxes in the
ifferent sections controls the separation performance. As shown

n the figure, the sign of the net flux of species A in Sections 2 and
must be negative in order to guarantee its net transport to the

xtract port and to avoid contamination of the raffinate, whereas

m
a

(

r. A 1216 (2009) 709–738

he net flux of component B in Sections 2 and 3 must accordingly
e positive. To guarantee solid phase regeneration in Section 1 and
olvent regeneration in Section 4 the net fluxes of component A
nd B in those sections must be positive and negative, respectively.
ased on these considerations, the net fluxes in the different sec-
ions, as indicated by the arrows above the TMB schematic in Fig. 2,

ust fulfill the following constraints:

A,1 > 0 (18a)

B,2 > 0 fA,2 < 0 (18b)

B,3 > 0 fA,3 < 0 (18c)

B,4 < 0 (18d)

ubstituting Eq. (17) into the above inequalities yield Eq. (14), again,
rovided the flow-rate ratios mj be defined as

j =
Q TMB

j

Qs
= net fluid flow rate

net solid flow rate
(19)

here Qs is the solid phase flow rate and Q TMB
j

the flow rate of the
uid phase in section j. The analogy is not only formal, but also
ubstantial since the SMB definition of the flow-rate ratios, i.e. Eq.
15), can be transformed into the TMB definition, i.e. Eq. (19), just
y applying the equivalence relationships given by (8) and (9). This
emonstrates that the design criteria for complete separation in the
ase of a linear isotherm are the same when derived for the SMB
rocess and for the TMB process. This is a very important result,
ecause this equivalence will be extended also to the case of a non-

inear adsorption isotherm, where it cannot be demonstrated in
eneral but only in a very few cases [46].

.1.3. Graphical representation of the design criteria—“Triangle
heory”

The key result expressed by Eqs. (14a)–(14d) is that the design
riteria are now in the form of dimensionless flow rate ratios, mj ,
hich are scale independent. This is important as it paves the way

or rapid scale-up based on the Henry constants of the two com-
onents which can be easily measured analytically. The constraints
iven by Eq. (14) define a region on the four dimensional space rep-
esented enclosed by the coordinates mj , (j = 1, . . . , 4) that ensures
he complete separation of the binary mixture along with com-
lete regeneration of both the stationary and mobile phases. It is
orth considering the projection of this region on the (m2, m3) and

m1, m4) planes as shown in Fig. 6 a and b respectively. The con-
traints, given by Eqs. (14b) and (14c), delimit a triangular region in
he upper half of the (m2, m3) plane3 which corresponds to operat-
ng conditions that will result in complete separation. Other regions
an also be identified on the (m2, m3) plane as indicated in the fig-
re. Similarly, the constraints given by Eqs. (14a) and (14d), delimit
rectangular region in the upper half of the (m1, m4) plane that cor-

esponds to the combination of m1 and m4 values that will result
n a complete separation.4, provided the constraints on m2 and

3 are satisfied. These diagrams show that by a proper choice of
j values different separation performances can be realized. This
3 Note that introduction of a positive flow-rate requires that Q3 > Q2 and hence
3 > m2. Hence, only the upper half of the (m2, m3) plane denotes a feasible oper-

ting region.
4 Note that according to Eq. (4a), Q1 > Q4 and hence only the upper half of the

m1, m4) plane denotes a feasible operating region.
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ig. 6. Complete separation region and SMB operating regimes on (a) (m2, m3) plane
nd (b) (m1, m4) plane for the binary separation of species A and B, with linear
dsorption isotherm.

his method of designing SMBs has been termed as the “Triangle
heory” [47,48].

.1.4. Design criteria for reduced purities
In the previous subsections the development of design crite-

ia for complete separation was illustrated. However, there are
pplications, for example in the agrochemical industries, where

partial resolution of the enantiomers is sufficient [49]. Further
hen hybrid processes such as the SMB-crystallization are con-

idered, the SMB is tasked to yield only a partial resolution [50,51].
ecent studies have focussed on the development of design tools for
btaining raffinate and extract streams at purities less than 100%,

p
p
p

ig. 7. Separation regions for the binary SMB separation of A and B under reduced
urity requirements. Operating the unit within the pentagonal region with borders
QRST yields purities higher than the specified ones [55].

r in other words for “reduced purity requirements” [52–55]. There
re two ways of achieving reduced purities. The first one termed as
he “restrictive case” requires that Sections 1 and 4 be operated
n such way so as to satisfy the constraints given by Eqs. (14). In
ther words the mobile phase leaving Section 4 is required to be
ompletely regenerated and the stationary phase in Section 1 is
ompletely regenerated when it is switched from Section 1–4. The
econd alternative, termed “non-restrictive case”, allows the viola-
ion of constraints given by Eqs. (14a) and (14d) i.e. the incomplete
egeneration of the mobile and stationary phases leaving Sections
and 1 respectively is allowed.

For the case of linear isotherms, under the “restrictive case”,
xplicit equations to uniquely identify the separation region that
ill ensure the specified extract and raffinate purities can be

btained. These are obtained using an SMB model that explicitly
onsiders the discrete switching [56]. On the (m2, m3) plane this
esults in a pentagonal region PQRST as shown in Fig. 7. The quan-
ities H∗

A and H∗
B are defined as

∗
A = HBcF

B(PR − 1) + HAcF
APR

cF
B(PR − 1) + cF

APR
(20)

∗
B = HBcF

BPE + HAcF
A(PE − 1)

cF
BPE + cF

A(PE − 1)
(21)

here PE and PR represent the desired purities of the extract and
affinate respectively (see Eqs. (22) and (23) for the definitions)
hile ci,F refers to the concentration of species i in the feed stream

55]. It is worth noting that in order to obtain exact purities PE <
00% and PR < 100%, the unit has to be operated at point P which
akes the process less robust.

.2. Performance indicators
At this point, we introduce the definitions of commonly used
erformance parameters. These parameters serve two critical pur-
oses. Firstly, they are used to asses the performance of a separation
rocess and to study its feasibility for a particular task. Secondly,
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hey are used to compare different process alternatives. It should
e pointed out that, especially when comparing different process
lternatives, care should be taken to properly define these param-
ters to make an unbiased comparison.

.2.1. Purity
In the case of a binary separation, the purity of the raffinate and

xtract streams at cyclic steady state are defined as

R =
∫ t+t∗

t
cR

B dt∫ t+t∗
t

cR
A dt +

∫ t+t∗
t

cR
B dt

(22)

E =
∫ t+t∗

t
cE

A dt∫ t+t∗
t

cE
A dt +

∫ t+t∗
t

cE
B dt

(23)

n the above equations, the numerator indicates the quantity of the
arget component collected in the product stream within a switch-
ng period, while the denominator indicates the sum of the two
omponents collected.

.2.2. Recovery
For value added substances, where substantial investments have

een made for the production of the mixture to be separated, the
ecovery or yield of the target component is of key importance.
ence, processes are expected to result in products that are not
nly pure but also with a high recovery. The recoveries of A and B,
A and YB, are respectively defined as

A =
QE

∫ t+t∗

t
cE

A dt

QF
∫ t+t∗

t
cF

A dt
(24)

B =
QR

∫ t+t∗

t
cR

B dt

QF
∫ t+t∗

t
cF

B dt
(25)

n the above equations, the numerator denotes the amount of a
articular species in the corresponding product stream within a
witching period, while the denominator corresponds to the total
mount of that species fed.

.2.3. Productivity
From the economic perspective, the productivity, PR, is perhaps

he most important metric and, for the case of complete separation,
s typically defined as the mass of feed processed per unit mass of
he stationary phase per unit time:

R = QFcF
T

(1 − ε)�sVT
(26)

here cT,F is the total concentration of the feed, �s the density of
he stationary phase and VT the total volume of all the columns in
he unit. This equation can, when combined with the definition of

j in Eq. (15), be written as

R = cF
T(m3 − m2)

�st∗
4∑

j=1

Sj

(27)

here Sj is the number of columns in section j of the unit. From
he above definition it can be seen that for a given SMB process,
he maximum productivity is obtained by maximizing the differ-

nce between m3 and m2, i.e. by choosing an operating point that
s farthest from the diagonal. If the objective is also to obtain a
omplete separation, this is achieved by operating the unit on the
ertex of the triangular complete separation region (denoted as “w”
n Fig. 6). Although this will maximize the productivity, operating

t
o
[
t
i

r. A 1216 (2009) 709–738

he process at this conditions will be less robust as minor devia-
ions in operating conditions can clearly lead to situations where
he product purities could be compromised. As seen from Eq. (27),
t is also possible to increase productivity by reducing t∗. Reduc-
ng t∗ for given values of mj will result in increasing the internal
ow rates Qj . Although this is feasible theoretically, several practi-
al constraints limit the reduction of the switch time below a certain
imit. Large flow rates result in high pressure drops which can be
etrimental to the stationary phase and lead to the reduction of the
olumn efficiency. Typically, a minimum switch time of one minute
s used in order to ensure robust valve operation and stabilization
f pressures and flow profiles.

.2.4. Desorbent requirement
The second important metric to asses process performance is

he specific desorbent requirement, DR that reflects on the costs
nvolved in the evaporation of the solvent. This parameter is defined
s the mass of desorbent required to separate a unit mass of the
eed:

R = (QD + QF)�D

QFcF
T

(28)

here QD is the amount of make-up desorbent and �D is the des-
rbent density. In the above formulation it is assumed that the
mount of solute in the feed is negligible compared that of the des-
rbent in the feed. If this is not the case, then the equation has to be
odified accordingly.The desorbent requirement can be re-written

n terms of the mj values as

R = �D

cF
T

(
1 + m1 − m4

m3 − m2

)
(29)

t is worth noting that the desorbent requirement is minimized
y minimizing the difference m1 − m4, i.e. choosing a point on the
m1, m4) plane that is nearest to the diagonal. This corresponds to
he point “q” in Fig 6 b. Although operating the unit at this point
ill minimize the desorbent requirement, it renders the process

o be less robust as minor deviations can lead to polluted product
treams.

.3. Triangle theory for nonlinear adsorption isotherms

The design criteria for SMB separations based on a linear
sotherm are conceptually important and practically useful. How-
ver, they need to be extended if one wants to deal with the much
ore important nonlinear isotherms that apply to most cases of

nterest. The simple criteria based on the retention time of the two
nantiomers in each SMB section (Eqs. (13a)–(13d)) are not useful
n the nonlinear case where species propagate at composition-
ependent rates. First attempts were based on the application
f the McCabe-Thiele approach for gas-liquid unit operations to
dsorption [23]. This was then replaced by extending the equilib-
ium theory of nonlinear chromatography to the multicolumn case,
hich can be done successfully when the equivalent TMB model of

quations, i.e. Eq. (16) is considered at steady state [44,47]. Such
trategy turns out to be in fact unfeasible when the SMB model of
quations, i.e. Eq. (10) is used directly, because of a technical dif-
culty arising when the stream leaving Section 2 is mixed with
he feed and the mathematical description of Section 3 does not
onform to that of a characteristic initial value problem [44].

Therefore it has been possible to develop a method based on

he equilibrium theory for binary separations subject to a number
f different nonlinear isotherms, namely the Langmuir isotherm
48], the modified Langmuir isotherm where a linear nonselective
erm is added to the isotherm of each species [48], the bi-Langmuir
sotherm consisting of the sum of two Langmuir terms [57], and
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nally the so-called generalized Langmuir isotherm that includes
s a special case the classical binary Langmuir isotherm [58,59]. The
ey advantage of this approach that makes it so well established is
hat through a rather complex analysis of the system of partial dif-
erential equations describing the behavior of the SMB unit under
he assumptions of equilibrium theory explicit equations can be
etermined, which identify conditions to achieve complete sepa-
ation in a rather straightforward manner. Though based on the
implified local equilibrium model, they have been demonstrated
o represent rather precisely the real SMB behavior and to pro-
ide a sound benchmark basis for SMB simulation and optimization
ased on the detailed SMB model presented in Section 2.1[60–62].
lthough, the region of complete separation in the (m2, m3) plane

s strictly no longer a triangle as in the linear case, this approach is
till referred to as the triangle theory.

.3.1. Langmuir and generalized Langmuir isotherm
The generalized Langmuir isotherm is defined as

i = Hici

1 + pAKAcA + pBKBcB
(i = A,B) (30)

here Ki and Hi are the equilibrium constant and the Henry’s
onstant (i.e. the infinite dilution slope of the isotherm) of the
th component, respectively, with HA > HB. The parameters pA
nd pB allow choosing the sign of the corresponding term in the
enominator by taking the values ±1, thus yielding four possible
ifferent combinations. Setting pA = pB = 1, the equation reduces
o the classical competitive binary Langmuir isotherm (this is
ndicated as case L in the following); when pA = pB = −1 both
omponents behave in an anti-Langmuir manner and a synergis-
ic anti-Langmuir isotherm is obtained (case A). In the mixed cases
here pA = −1 = −pB (case M1) and when pA = 1 = −pB (case M2)

ne of the species is subject to the Langmuir and the other to the
nti-Langmuir isotherm. Note that Eq. (30) can be applied only
here the denominator is positive. As shown elsewhere, the four

sotherms represented by Eq. (30) describe rather different reten-
ion behaviors and can be used to describe a rather broad set of
hromatographic binary systems [63].

The equilibrium theory based analysis yields criteria on the flow
ate ratios that are formally similar to those obtained above in the
inear case [58]:
1,min ≤ m1 (31a)

2,min ≤ m2 ≤ m2,max (31b)

3,min ≤ m3 ≤ m3,max (31c)

c
a
a
t
t

able 2
eneralized Langmuir isotherm; straight lines and curves that constitute the boundaries

ase Line or quantity

, A, M1, M2 ab

, M2 ar

, M2 rw

, M2 bs

, M2 sw

, M1 bw

, M1 aw

, M2 m1,min

, M1 m4,max

, M1 m1,min

, M2 m4,max
r. A 1216 (2009) 709–738 719

4 ≤ m4,max (31d)

owever, the upper and lower bounds on mj depend on m2 and m3
but neither on m1 nor on m4), on the adsorption isotherms, and
n the feed concentrations, cF

A and cF
B. Therefore, the constraints

n m1 and m4 can be expressed explicitly as reported in Table 2,
hereas those on m2 and m3 are implicit. The latter ones define a

wo dimensional region in the (m2, m3) plane that is called com-
lete separation region and has the shape of a distorted triangle as
hown in Fig. 8. The implicit inequalities Eqs. (31b) and (31c) can be
ransformed to obtain the explicit equations for the boundaries of
he complete separation region that are reported in Table 2[58,59].
he quantities ωF

1 and ωF
2 in the expressions in Table 2 are calcu-

ated from the assigned feed composition (cF
A, cF

B) by solving the
ollowing quadratic equation:

(1 + pAKAcF
A + pBKBcF

B)ω2 − [HB(1 + pAKAcF
A) + HA(1 + pBKBcF

B)]ω

+ HAHB = 0 (32)

heir values fulfill the following inequalities, as demonstrated else-
here [58]:

ase L : 0 < ωF
1 ≤ HB ≤ ωF

2 ≤ HA (33a)

ase A : HB ≤ ωF
1 ≤ HA ≤ ωF

2 < +∞ (33b)

ase M1 : 0 < ωF
1 ≤ HB < HA ≤ ωF

2 < +∞ (33c)

ase M2 : HB ≤ ωF
1 ≤ ωF

2 ≤ HA (33d)

n the (m2, m3)plane, the complete separation region and any other
egion of interest lie above the diagonal in the first quadrant, since
he feed flow rate has to be positive and is proportional to the dif-
erence (m3 − m2). Whatever the adsorption isotherm and the feed
oncentration, the boundaries of the complete separation region
ntersect the diagonal at end points with coordinates (HB, HB) and
HA, HA), i.e. the same as in the linear case of Fig. 6. The area of the
m2, m3) plane excluded from the complete separation region may
e partitioned into regions achieving different separation perfor-
ances, provided m1 and m4 fulfill the constraints defined by Eqs.

31a) and (31d)(see Figs. 6 and 8). In particular, the region above and
o the right of the complete separation region leads to a pure extract
roduct (containing only species A) and a polluted raffinate stream

onsisting of the whole amount of species B fed together with some
mount of species A. The symmetric behavior, i.e. pure raffinate
nd polluted extract, is observed for operating points below and
o the left of the complete separation region. The remaining sec-
or of the (m2, m3)plane, i.e. on the left of the pure extract region

of the complete separation region in the (m2, m3) plane shown in Fig. 8 [63].

expression

m3 = m2

m3 = m2 +
(

√
m2 −

√
HA

)2

/(KAcF
A)

m2HA(ωF
1 − HB) + m3HB(HA − ωF

1) = ωF
1ωF

2(HA − HB)

m2 = m3 −
(

√
m3 −

√
HB

)2

/(KBcF
B)

m2HA(ωF
2 − HB) + m3HB(HA − ωF

2) = ωF
1ωF

2(HA − HB)

pAKAcF
AHBm3 + m2[HA − HB(1 + pAKAcF

A)] = HB(HA − HB)

m3[HA(1 + pBKBcF
B) − HB] − pBKBcF

BHAm2 = HA(HA − HB)

HA

1
2

{
m3 + HB + KBcF

B(m3 − m2) −
√

[m3 + HB + KBcF
B(m3 − m2)]2 − 4m3HB

}
1
2

{
m2 + HA + KAcF

A(m3 − m2) +
√

[m2 + HA + KAcF
A(m3 − m2)]2 − 4m2HA

}
HB
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nd on the right of the pure raffinate region, leads to both product
treams polluted. It can be easily demonstrated that the optimal
peration in terms of productivity corresponds to the vertex of
he complete separation region, i.e. the point of it that is furthest
rom the diagonal, since it corresponds to the maximum value of
he difference (m3 − m2) and productivity is proportional to such
ifference.

The equations reported in Table 2 allow to account in a
traightforward manner for the very important effect of the feed
omposition on the position of the SMB complete separation region.
uch effect is illustrated in Fig. 9 for the cases of the Langmuir
nd anti-Langmuir isotherms where cF

A = cF
B (see also [59]). It is

eadily seen that in all cases the region of complete separation
hrinks when increasing the feed concentration, and that the the-
retical optimal point, i.e. its vertex, moves upwards and to the
ight in the case of the anti-Langmuir isotherm, and downwards

nd to the left in the case of the Langmuir isotherm. It is well
nown by SMB practitioners that higher feed concentration yields
igher throughput, although the incremental benefit of increasing

eed concentration diminishes as it grows, but also a more diffi-
ult and a less robust separation [48]. Triangle Theory allows to

i
p
a
e
m

ed by the generalized Langmuir isotherm 30(a) Langmuir (L, cA = cB = 16 g/L), (b)
therm parameters: HA = 2, HB = 1, KA = KB = 0.1 L/g.

nalyze the effect of changing feed concentration in a very elegant
nd simple manner, and provides very useful guidelines to select
t.

.3.2. Bi-Langmuir isotherm
Binary systems that exhibit a favorable chromatographic behav-

or but cannot be described accurately using a Langmuir isotherm
re often dealt with using the bi-Langmuir isotherm, where one
ssumes the existence of two types of adsorption sites, each subject
o an independent Langmuir isotherm [64–66]:

i = aici

1 + bAcA + bBcB
+ Hici

1 + KAcA + KBcB
(i = A,B) (34)

n the case of enantiomers, it occurs often that one type of sites
s selective, whereas the other offers only non-selective retention,
.e. aA = aB and bA = bB. Triangle Theory can be extended to such

sotherm to obtain the complete separation region in the (m2, m3)
lane shown in Fig. 10 (note the curved portion of the bound-
ry bw), but its equations are not explicit anymore. They must be
ither computed numerically when the isotherm has been deter-
ined independently [57,67] or estimated approximately through a
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hort-cut experimental procedure [68]. The effect of increasing feed
oncentration on the shape and position of the complete separation
egion in the bi-Langmuir case, as shown in Fig. 10, is qualitatively
imilar to that observed for the Langmuir isotherm and illustrated
n Fig. 9.

.3.3. Other isotherms
The relatively simple isotherms that have been considered so

ar are sometimes incapable to describe real systems accurately
nough. In these cases one has to resort to more complex isotherms,
hich are not amenable to the treatment based on equilibrium the-
ry that has been applied above. When such systems are considered
or SMB separation, the concept of a region in the flow-rate ratios
pace where complete separation can be achieved is still valid. Such
egion can be determined by using the detailed SMB model of Sec-

ig. 10. Complete separation region for the binary separation of species A and B
escribed by a bi-Langmuir adsorption isotherm, at different feed concentrations
the arrow indicates an increase in concentration, from cA = cB =g/L). Isotherm
arameters: HA = 3.728, HB = 2.688, KA = 0.0466 L/g, KB = 0.0336 L/g, aA = 0.3,
B = 0.1, bA = 0.3 L/g, bB = 1 L/g.
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r the case of an (a) anti-Langmuir isotherm (case A, pA = pB = −1 in Eq. (30)) and
to very diluted feed conditions.

ion 2.1, by running simulations in a four-dimensional box in the
pace (m1, m2, m3, m4), and by contouring the region where a high
roduct purity, say 99.9%, is achieved. When projecting it on the
m2, m3) plane, one obtains a complete separation region that has
ifferent size and shape with respect to the one obtained in the
angmuir case, but also strikingly similar features, e.g. the same
ntersection with the diagonal and the same general topology as
ar as the regions surrounding that of complete separation are con-
erned. Such approach has been applied to the separation of the
röger’s base (TB) enantiomers on a Chiralpak AD chiral station-
ry phase (Chiral Technologies, Illkirch, France) using 2-propanol
s mobile phase [69].

We have recently studied using detailed simulations the SMB
eparation of a proprietary chiral substance, which turned out to be
ubject to the following binary adsorption isotherm, where a favor-
ble Langmuir term is summed to a mixed term, which is favorable
or species B and unfavorable for species A:

B = 1.3cB

1 + 12000cB + 10000cA
+ 1.4cB

1 + 0.015cB − 0.102cA
(35)

A = 1.3cA

1 + 12000cB + 10000cA

+ 5.4cA(1 + 0.1cB)
(1 + 0.015cB − 0.102cA)(1 − 0.12cA)

(36)

ith concentrations in g/L. At very low concentration, i.e. below 0.1
/L, the second term is essentially linear, whereas the nonlinearity
s controlled by the first Langmuir-term, whose sites get saturated
ery soon because of the very large value of the coefficients mul-
iplying cA and cB in the denominator. Under these conditions, one
btains the first two complete separation regions, i and ii, in Fig. 11,
.e. an almost square triangle with base segment on the diagonal
etween (2.7, 2.7) and (6.7, 6.7), and a very distorted bi-Langmuir
ype of region, where the effect of the first Langmuir term in Eqs.

35) and (36) is almost negligible. At higher concentrations, due to
he prevailing unfavorable part of the isotherm, the complete sep-
ration region evolve resembling the behavior of an anti-Langmuir
ystem, as shown by the third and the fourth complete separation
egions in Fig. 11.



722 A. Rajendran et al. / J. Chromatog

Fig. 11. SMB complete separation regions corresponding to the separation of a
proprietary chiral substance with adsorption behavior described by the isotherm
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and Q3 selected. Therefore, with reference to Fig. 12, it can cross
the complete separation region or not. Experimental evidence of
the effect of the switch time on product purities was provided in
the case of the separation of the Tröger’s base (TB) enantiomers on
cellulose triacetate with ethanol as mobile phase [70].
qs. (35) and (36). The four regions are obtained at different feed concentrations:
xtremely diluted feed mixtures (i), intermediate feed concentrations, i.e. 0.1 g/L (ii),
nd higher feed concentrations, i.e. 5 g/L (iii) and 10 g/L (iv).

.4. Triangle theory based analysis of simulated moving bed
peration

Possibly the most important contribution of triangle theory to
he SMB technology is the understanding that regardless of the
dsorption isotherm describing the system under consideration
here are several features that are of general validity, particularly
s regards the relationship between the dimensionless flow-rate
atios and the separation performance. When the adsorption
sotherm is known, determining the complete separation region in
he operating parameter space allows designing SMB experiments,
nalyzing their outcome, assessing the feasibility of a new separa-
ion, and providing a first estimate of optimal operating conditions
s discussed above.

When the adsorption isotherm is not known, triangle theory
rovides a conceptual framework where suitable operating condi-
ions can be looked for through thoughtfully designed experiments.
he relevant key properties are first that separation performances
hould be evaluated in terms of flow-rate ratios mj , and not in terms
f flow rates and of switching time. Then, conservative lower and
pper bounds for m1 and m4, respectively, can easily be derived
rom the equations in Table 2. Moreover, whatever the isotherm,
he complete separation region in the (m2, m3) plane intersects the
iagonal on the segment with end points given by the easily mea-
ured Henry’s constants, i.e. (HB, HB) and (HA, HA), thus providing
very good indication about where to look for operating points

n the (m2, m3) to achieve complete separation. Finally, the effect
f changing certain operating conditions in terms of increase or
ecrease of extract and raffinate purity is qualitatively the same
hatever the adsorption isotherm as discussed below. These prop-

rties can be exploited to search the operating space for the region
f complete separation.
The operating point of an experimental or simulated SMB run for
unit of given configuration and column geometry is characterized
y the set of four internal flow rates, Qj (j = 1, . . . , 4), and by the
witch time, t∗. Through Eq. (15) these five parameters define the

F
e
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our dimensionless flow-rate ratios, mj (j = 1, . . . , 4), that control
he separation performance in the frame of the Triangle Theory.

ith reference to the SMB scheme of Fig. 2 and to considering
he node balances given in Eqs. (4a)–(4d), it is worth noting that
he inlet and outlet flow rates, i.e. desorbent QD, feed QF , extract
E and raffinate QR flow rates, do not univocally define the set
f four internal flow rates. To this aim, it is indeed necessary to
pecify at least one internal flow rate. Therefore the set consist-
ng for instance of Q1, QE, QR, QF and t∗ reflects the reality of most
xperimental SMB units that have pumps on the four corresponding
treams and indeed specifies a unique operating point. The effect
f changing one of these five parameters while keeping the others
onstant is discussed below. Changing only one parameter yields a
ne-dimensional locus, i.e. a line, in the (m2, m3) plane.

.4.1. Switch time
Let us consider changing t∗ while Q1, QE, QR and QF remain

onstant. Writing the equations for m2 and m3 using Eq. (15) and
olving them to eliminate t∗ yields the following equation of a
traight line in the (m2, m3) plane:

3 = Q3

Q2
m2 + ε

1 − ε

(
Q3

Q2
− 1

)
(37)

his is shown in Fig. 12, where for the sake of illustration the
omplete separation region corresponding to a specific Langmuir
sotherm is also drawn. The operating point moves from left to right
long this line and the values of m1 and m4 increase as t∗ increases.
hatever the isotherm, this implies that as far as m2 and m3 are

oncerned the raffinate purity and the extract purity will decrease
nd increase, respectively, as t∗ increases. However, beyond a cer-
ain threshold the value of t∗ will be too large and the constraint
n m4 given by Eq. (31d) will be violated leading to the reduction
f the extract purity.

It is worth noting that the distance from the diagonal to the line
epresented by Eq. (37) depends on the values of the flow rates Q2
ig. 12. Effect of the operating conditions, i.e. switching time, feed flow rate and
xtract flow rate, on the position of the operating point on the (m2, m3) plane.
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.4.2. Feed flow rate
Let us now consider changing the feed flow-rate QF while the

ther four parameters, i.e. Q1, QE, QR and t∗ remain constant.
nder these circumstances it is clear that also Q2 remains con-
tant, together with m1 and m2, whereas Q3 and Q4, as well as

3 and m4, increase linearly with the feed flow rate. As shown
n Fig. 12, all the operating points that fulfill this condition are
n a vertical line in the (m2, m3) plane. If it crosses the complete
eparation region, the purity of one of the two product streams
ill decrease as QF increases. In the case of the Langmuir isotherm

hown in Fig. 12 the raffinate purity is affected, whereas in the case
f an anti-Langmuir isotherm the extract purity would decrease. An
xperimental example of such effect was reported and explained
ith reference to the separation of the enantiomers of guaifen-

sin on Chiralcel OD with n-heptane/ethanol(65:35, v/v) as mobile
hase [71].

.4.3. Extract and desorbent flow rate
When increasing QE with the other parameters constant, the

perating point moves downwards along the following straight line
n the (m2, m3) plane:

3 = m2 + QFt∗

V(1 − ε)
(38)

hich is obtained by writing the expressions for m2 and m3 in terms
f QE and then by eliminating it. The same equation is obtained if
1 is allowed to change with the other four parameters remaining
onstant, but in this case the operating point moves upwards as
1 increases. With reference to Fig. 12 it is rather clear how the
roduct purities are expected to change as QE increases, and this
as also illustrated experimentally in the case of extract flow-rate

ariations [71]. Note however that either decreasing QE or increas-
ng Q1 makes m4 increase hence, as in the case of the switch time,
eyond a certain value the extract purity is bound to decrease.

.4.4. Raffinate flow rate
It can readily be observed that changing QR as the other four

arameters remain constant affects nothing but Q4 and m4, which
ecrease as QR increases. Therefore the operating point in the
m2, m3) plane does not change, but too small a value of QR might
lso lead to the violation of the constraint on m4 given by Eq. (31d)
ence to the pollution of the extract.

.5. Other approaches to design simulated moving bed
eparations

Besides the triangle theory a few other methods have been pro-
osed to design SMB processes, as reviewed in the following.

Guiochon and coworker have computed an analytical solution
or the equilibrium theory SMB model in the case of a linear
sotherm [56]. The derivation requires that complete separation is
ttained, i.e. that the operating parameters fulfill the constraints of
q. (14), and gives not only the cyclic steady state solution but also
he time evolution during the start up of the SMB unit. Such solution
as then used to study the effect of the operating parameters on

everal features of the separation [72]. Those related to the steady
tate behavior can more easily be obtained through Triangle Theory,
ontrary to those related to the transient SMB behavior, for which
his approach is fruitful. Mass transfer effects are not included, and

he method cannot be extended to nonlinear isotherms.

Rodrigues and coworker have introduced the concept of the
eparation volume to account for mass transfer resistances in the
esign of operating conditions for SMB separations [73]. In a first

mplementation this method boiled down to using a detailed TMB

b
d
i

o
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odel to predict SMB performance for ranges of the four key oper-
ting parameters, namely the flow-rate ratios in the jargon of the
riangle theory, and to represent graphically the region where a
pecified purity is reached, i.e. the separation volume, in a three
imensional space spanned by m1, m2 and m3 (at constant m4 val-
es) [73]. Note that the authors use the parameters �j instead of
j , where �j = (1 − ε)/εmj . Such approach is not limited to lin-

ar isotherms. Later an analytical steady state solution of the TMB
odel in the presence of mass transfer resistances for a system

ubject to a linear isotherm was determined, and used to deter-
ine the separation volume [52]. This method is much faster than

he previous one, but cannot be applied to a non linear isotherm.
he outcome of this analysis is that the complete separation region
redicted by the triangle theory becomes smaller in the pres-
nce of mass transfer limitations for high purity specifications, but
ight become larger when purity requirements are not stringent.

he analysis confirms that the position of the complete separation
egion determined by triangle theory is a very good approximation
f the one obtained by accounting for mass transfer, particularly
hen considering that it can be determined for linear and non-

inear isotherms and that it is given by simple, explicit, algebraic
elationships.

An alternative approach also aimed at incorporating the effect
f mass transfer resistances in the SMB design is the standing
ave analysis introduced for linear adsorption isotherms by Ma

nd Wang [74,75]. It is based on a steady state solution of the
odel equations of a moving bed that allows describing the pro-

le of a composition front as a function of the model parameters,
nd determining the ratio between inlet and outlet concentration
f every species through every SMB section. The authors claim
hat this ratio is equivalent to purity [74], although establishing
uch relation is rather complicated and only possible under certain
ssumptions [75]. There is even a more serious drawback of the
ethod, which consists of the fact that the operating point selected

y the method is always within the complete separation region cal-
ulated through triangle theory, even when the purity specified is
ather low and the corresponding operating point that could be
alculated using detailed simulations would be outside the trian-
le theory region, i.e. achieving higher productivities.Ma and Wang
ave proposed a method for the design of non-linear SMB separa-
ions, which although called as the standing wave theory, is in fact
ased on detailed simulations and iterative optimization [76].

.6. Parameter estimation and practical considerations

The rational design of SMB units requires the knowledge of
arameters that relate to the hydrodynamics, equilibrium, adsorp-
ion kinetics and physical characteristics of the unit. The key
ydrodynamic parameter that is required for the design of SMB
nits is the relationship between flow rate and pressure drop.
tandard descriptions such as the Ergun and Kozeny-Carman equa-
ions give reliable estimates of pressure drop in packed columns
77]. However, since the SMB unit consists of other fittings such
s connecting tubing and valves, it is always a good practice to
xperimentally measure them on the unit. The pressure drop in
he system becomes a limiting condition especially when a pump
s used to recycle the solvent from Sections 4 to 1[78]. Under these
onditions it is important to ensure that the pressure at the out-
et of Section 4 is larger than the minimum suction pressure of the
ump. Further, excessive pressure drop across the column can also

e detrimental to the stationary phase and may result in physically
amaging it. Hence, these considerations have to be carefully taken

nto account during the design and operation of the SMB.
The measurement of adsorption equilibrium is a key aspect

f the design process. To date, there is no reliable model to esti-
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ate the adsorption characteristics of a particular solute on a
iven stationary phase and hence all measurement are performed
xperimentally. There are several methods to measure adsorption
sotherms [19,79]. The trade-off in these measurements is typically
etween the amount of effort spent on measuring these quantities
nd the accuracy that is expected. Unlike elution chromatography
here, for short pulses, the concentration of the pulse decreases

s it moves across the column, the concentrations in the SMB unit
re close to that of the feed or even higher. Hence, in many cases
he concentrations are close to the solubility limit and hence equi-
ibrium parameters have to be measured at these conditions in
rder to use the information reliably. It is worth mentioning that
n the absence of detailed information concerning the adsorption
sotherm, one can still start the SMB unit with the knowledge of
he Henry constant, which can be measured by an injection of a
ilute pule. With this information and using the heuristic approach
ased on the triangle theory, discussed in Section 3.4, it is possible
o arrive at operating conditions that can result in a satisfactory
eparation.

Adsorption kinetics play an important role in determining the
fficiency of the separation. Though their effect on efficiency is
ore pronounced in elution chromatography, they are neverthe-

ess important factors to consider in the design of SMB separations
80,73]. Contributions to mass transfer can arise from two effects,
amely, axial dispersion and mass transfer resistances. These
ffects are typically described using the van-Deemter curve which
aptures the effect of mobile phase flow rate on the height equiv-
lent to a theoretical plate (HETP). In practice, the van-Deemter
urve is experimentally measured and the axial dispersion and
ass transfer coefficients are estimated by fitting a suitable model.
xial dispersion in packed beds has been extensively studied and
everal correlations exist to characterize them [17,81] while mass
ransfer resistances can be modeled at various levels [23]. How-
ver, in the case of chromatography where the stationary phase
articles are in the micron range, description using a rather simple

inear driving force (LDF) formulation, discussed in Section 2.1, is
ften adequate and has been extensively used in the modeling of
MB systems.

Finally, it is also important to measure accurately the physical
arameters of the experimental unit such as bed length, column
orosity, and dead volume. All the theory discussed earlier have
een developed under the assumption that all the columns in the
nit are identical and that all connecting tubing have negligible vol-
me. These conditions are seldom met in practice and they have to
e properly accounted for in order to achieve the separation goals.
xtra-column dead volume arising from the contributions of con-
ecting tubing, valves etc. is a parameter that can significantly affect
he separation [82]. It is possible to account for the presence of
xtra-column dead volume within the framework of the triangle-
heory [82]. The definition of mj for a unit that has non-negligible
ead volume is given as

j =
Qjt

∗ − Vε − VD
j

V(1 − ε)
(39)

here VD
j

is the dead volume per column in section j of the unit.
otier and Nicoud developed a process in which the effect of the
ead volume can be overcome by incorporating an asynchronous
witch wherein all the ports are not switched simultaneously but
re based on the dead volume in each section [83]. The effects

f non-uniform column porosity on the separation performance
ave been studied both theoretically and experimentally [84,85].
hese studies show that column-to-column variations can affect
he separation, especially if the unit is operated near the vertex
f the triangle, i.e. at conditions corresponding to the maximum
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roductivity, and for systems that exhibit low selectivity. They also
howed that complete separation can still be achieved by properly
ccounting for these variations during design.

Let us briefly consider the selection of operating conditions of
n SMB unit for a new separation. The first step is to measure
elevant adsorption isotherms and characteristic parameters asso-
iated with the equipment. The necessary design parameters for
ffecting a separation on an existing unit are the four flow rates Qj

j = 1, . . . , 4) and the switch time t∗. As discussed in Section 3.4.1,
ased on the Triangle Theory, it is possible to choose the four mj

alues from Eqs. (14a)–(14d) that will result in a particular sep-
ration performance. Hence, if complete separation is desired the
alues of mj have to be chosen within the region of complete separa-
ion that are specified according to the isotherm. Since, this results
n a system of 4 equations and 5 unknown parameters, any one
arameter has to be arbitrarily fixed. Typically, when using high
fficiency columns, the limitation on the maximum allowable flow
ate is dictated by the pressure drop. Under these circumstances,
he pressure drop equation (e.g. Ergun’s equation) can be writ-
en in terms of dimensionless flow-rate ratios, mj , and the switch
ime, t∗. From this expression the value of t∗ corresponding to the

aximum allowable pressure drop can be calculated. However, in
ractice, a suitable safety margin for the switch time could be used
o ensure that system pressure drop is always lower than the maxi-

um allowable one. Since t∗ is fixed, the four internal flow rates, Qj

j = 1, . . . , 4), can now be calculated based on the chosen values of
j (j = 1, . . . , 4). Once the internal flow rates are determined, the

xternal flow rates can be calculated using the node balances given
n Eqs. (4a)–(4d). One can then start the SMB unit and using the
roduct purities as a feedback, the operation can be heuristically
ne tuned to achieve the desired separation.

.6.1. Industrial example
In order to summarize the discussions on SMB design, an illus-

rative industrial example is considered. This example concerns
he separation of a proprietary racemic mixture on a 12 column
4 cm I.D. and 11.6 cm in length) SMB unit equipped with suitable
etectors to measure the solute concentration [40]. The adsorption
quilibria was described by a modified Langmuir isotherm with
linear term added to the classical Langmuir isotherm. The SMB
nit was operated at three different configurations, namely 3/4/3/2,
/2/5/1, and 3/5/2/2, at three different feed concentrations namely,
g/L (Experiment 1), 40 g/L (Experiment 2) and 80 g/L (Experiment
). The operating conditions for the unit were chosen using the tri-
ngle theory and simulations using the TMB model were performed
o verify the internal concentration profiles.

The complete separation region for the three cases on the
m2, m3) plane along with the location of the experimental oper-
ting point is shown in Fig. 13 a. It is clear from the shape of the
omplete separation region, the experiments spanned a wide range
f operating conditions, i.e. mildly non-linear (Experiment 1) to a
ighly non-linear (Experiment 3) conditions. Experiment 1 which is

ocated within the region of complete separation resulted in a pure
xtract and raffinate stream. This trend is nicely reflected in the
nternal concentration profiles (see Fig. 13b) which show that the
oncentration fronts at the extract and raffinate essentially consists
f pure components the location of the operating point for Experi-
ent 2 is in the region that corresponds to pure extract and polluted

affinate streams. Indeed this was observed as the extract was pure,
hile the raffinate purity was 94%. Confirmation of this results can
e found in the plot of the internal concentration profile which
how that while the concentration profile near the extract port is
hat of pure A, the raffinate port is polluted. Experiment 3 was per-
ormed at a very high feed concentration and the unit was operated
ear the vertex of the complete separation region. This experiment
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ig. 13. Example of an industrial SMB separation of a racemic mixture on a Chiral st
esults with the calculated region of complete separation. (b) Comparison of experim
lines). Experiments 1 and 3 produced complete separation, while Experiment 2 yie

esulted in complete separation of the racemic mixture and also led
o the largest productivity of the three experiments. This observa-
ion can be verified from the internal concentration profiles which
how that both the extract and raffinate streams will not be pol-
uted. This example illustrates, among many others reported in the
iterature, the use of the triangle theory and modeling tools such as
umerical simulations to design SMB separations at large-scales.

. Optimization and control of the simulated moving bed
rocess

.1. Off-line optimization of simulated moving beds

Process optimization applied to SMB processes has been car-
ied out with two goals. Firstly, it is used to determine optimal
perating conditions for a specific SMB separation. Secondly, it is
imed at determining which process is better in terms of sepa-

ation performance between single column chromatography and
MB, or between standard SMB and one of the multicolumn chro-
atographic processes that are presented in the next section, or

etween two or more of the latter. The two goals are related
ecause a fair comparison between two different technologies can

s
H
g
p
o

ry phase (Chiral Technologies). (a) Comparison of the performance of experimental
measured (points) internal concentration profiles with the TMB model calculations
pure extract and a polluted raffinate. [40].

e carried out only when both have been optimized independently.
n other words, the second objective can be achieved only if for
oth technologies under consideration the first objective has been
chieved, and – by the way – the objective function adopted and
he constraints enforced are exactly the same or at least properly
omparable.

SMB optimization is based on the use of a detailed model, with
inimal simplifications, and well characterized model parameters.

n such a way the limitations intrinsic to the methods presented
n the previous section and based on simplified descriptions of the
rocess, e.g. the equilibrium theory of chromatography or analytical
olutions of the linear TMB model, can be overcome.

Optimizing any chromatographic process means solving a
ulti-objective constrained optimization problem. The multi-

bjective nature follows from the fact that different performance
ndicators can be considered, as discussed in Section 3.2; typically
ne wants to maximize productivity and to minimize solvent con-

umption, and one has clearly to find a trade off between the two.
owever, at the same time constraints have to be fulfilled, which are
iven most often by the product quality requirements (e.g. specified
urities and/or specified recoveries) and the technical limitations
f the operation (e.g. maximum pressure drop, minimum switch
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Fig. 14. Pareto sets showing optimal performance of the 6-column SMB unit
(1–2–2–1, closed loop) and the column chromatography processes for the separa-
tion of the Tröger’s base enantiomers on microcrystalline cellulose triacetate (CTA)
with ethanol at 50 ◦ C (cA = cB = 6 g/L). The adsorption isotherm parameters are
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isted elsewhere as well as the definition of the objective functions (productivity
nd dimensionless solvent consumption) used for the two operations [86,50]. The
ptimization corresponds to a minimum purity and recovery of both species equal
o 97%.

ime). The decision variables of the optimization problem are the
perating conditions of the process, i.e. the SMB internal flow rates,
he switch time, the feed concentration, the column distribution
mong the four SMB sections, the additional operating parameters
f the process is not a standard SMB, as well as the size of the unit,
f this is not already given.

In many contributions in the literature the SMB optimization
roblem has been simplified by combining the performance indi-
ators in one cost function, which is obtained by choosing for each
ndividual indicator a proper weight. However, such a choice might
e based on contingency and therefore not general enough. We
elieve that a better approach is the one where the Pareto set
onsisting of all optimal solutions with respect to all performance
ndicators is determined [86]. In the case of a two objective opti-

ization this is a curve in the plane spanned by the two objective
unctions; to each point in this plane there corresponds a spe-
ific set of operating conditions. With reference to Fig. 14, let us
onsider the lower curve representing the SMB Pareto set, which
artitions the plane in points above the curve that are feasible
ut suboptimal, and points below the curve that are unfeasible
s they violate one or the other constraint, e.g. purity is off-spec.
oints on the Pareto set maximize productivity and minimize sol-
ent consumption at the same time, which means that for any point
n the curve it is not possible to find another feasible point that
orresponds to better performance in terms of both productivity
nd solvent consumption. Along the curve if the former improves
hen the latter becomes worse, and vice versa. The final choice
f a specific point on the Pareto set hence of the corresponding
pecific set of operating conditions depends upon additional, pos-
ibly contingent considerations about the relative importance of
he two objective functions. Note that the shape and position of

he Pareto set changes when the constraints change. With refer-
nce again to Fig. 14 and to the SMB Pareto set calculated with the
onstraint of 97% purity and recovery, if these requirements were
elaxed to 95% then the new Pareto set would lie below the first one,
nd vice versa if the process specifications were made more strin-

b
c
c
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r

ig. 15. Pareto curves for the optimization of 5-column SMB, 6-column SMB, 5-
olumn VariCol and 5-column PowerFeed processes [87].

ent, as shown in different publications [50,86]. Again one faces
trade-off between separation performance in terms of produc-

ivity and solvent consumption, and product quality, i.e. purities;
ulti-objective optimization allows quantifying it very precisely.

his implies that the quality of the optimization results in quanti-
ative terms depend always on how well and precisely the process
nd product constraints have been set, as well as on how accurate
he model used for the optimization is.

This approach fulfills the first goal stated at the beginning of this
ection. It is worth noting that the multi-objective optimization
pproach allows understanding in greater depth the correlation
etween a given operating condition and a specific performance

ndicator. This can be well illustrated with reference to Fig. 15, and
articularly to the lowest curve (open triangles) referring to a 5-
olumn, 4-section SMB [87]. In this particular example, the product
urities play the role of objective functions, whereas the optimiza-
ion is constrained by the requirement that the given unit provides
specified throughput. Among the decision variables, the unit con-
guration is included, which in this case boils down to deciding in
hich section to place the fifth column. The Pareto set exhibits the

xpected trade-off between extract and raffinate purity, as well as a
alient point at product purity values of about 95.5%. Interestingly,
n the salient point a left branch of the Pareto set, where the opti-

al SMB configuration is 1-2-1-1, i.e. the extra column is located
n Section 2, and a right branch where the SMB configuration is 1-
-2-1 cross each other. This result demonstrates neatly the general
roperty that more columns in Section 2 enhance extract purity,
hereas more columns in Section 3 improve raffinate purity, which
rovides very useful heuristics for SMB unit design.

As to the second goal, i.e. comparison between different opti-
ized process configurations or operations modes, the additional

hallenge is that of defining the objective functions for the dif-
erent processes in such a way that they are indeed comparable.
uch comparison is relatively simple when two similar processes
re compared, such as the 5-column SMB (open triangles) and the
-column SMB (open circles) in Fig. 15. In this case, a nonlinear
nantioselective separation is considered and the feed flow rate,
he desorbent flow rate and the unit size are assigned, and the
otal pressure drop is constrained at the same maximum value for

oth units. The figure shows that under these constraints the 6-
olumn SMB reaches always better performance, particularly at the
onditions where the two product streams have similar purity, i.e.
bout 95.5% and 98.5% for the 5-column and the 6-column SMB,
espectively.
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The comparison is more difficult when rather different pro-
esses are compared, as it is the case illustrated in Fig. 14[86]. This
gure addresses an issue that has been subject of many studies
nd discussions in the preparative chromatography community,
nd refers to actual data on the separation of the Tröger’s base
nantiomers on microcrystalline cellulose triacetate (CTA) station-
ry phase under nonlinear conditions (Langmuir isotherm). The
bjective of the optimization is to simultaneously maximize the
roductivity and minimize the solvent consumption, and to com-
are the 6-column SMB process (configuration 1-2-2-1 since purity
pecifications are the same for both enantiomers - see above) to the
ingle column operation without recycle. The feed concentration
nd the column diameter are fixed and equal in both cases, whereas
he column length is optimized, together with the other operating
onditions. Both product purities and the recoveries of both enan-
iomers are constrained (both are 97% for the Pareto sets shown
n the figure) and the overall pressure drop is also constrained
o be below a maximum value of 40 bar. The results of the opti-

ization show that the SMB operation performs better than the
olumn chromatography process. This is reflected by the relative
osition of the Pareto sets on the plane of the objective functions
i.e. solvent consumption and productivity). Indeed, the Pareto set
orresponding to the 6-column SMB operation is located below the
ne of the batch process, meaning that for a given productivity,
MB has lower solvent consumption and for a given solvent con-
umption, the SMB productivity achieved is larger. Furthermore,
ig. 14 also shows that the versatility of the SMB operation is sig-
ificantly larger, as indicated by the long and flat SMB Pareto set
hen compared to the short and steep Pareto curve of column

hromatography. We believe that this result is rather general and
emonstrates that running costs for SMB are in general lower than
or column chromatography.

In this section we have provided concepts and criteria that
pply to all optimization studies dealing with SMB and multicol-
mn chromatographic processes in general. Many studies have
een reported that address specific optimization questions and
se different optimization criteria in a single- or multi-objective
ptimization framework and the reader is referred to at some
f them as meaningful examples for more details [50,61,88–90].
ecently, Biegler and coworker have developed an optimization
echnique based on the interior point method using superstruc-
ures to describe operating configuration and parameters. These
chemes are expected to significantly reduce computational times
ompared to classical methods [91,92].

.2. On-line control of simulated moving beds

While modeling, design and optimization of SMBs as discussed
bove have been regarded as established in the SMB community
or quite some time, the possibility of on-line controlling the SMB
peration and of keeping it for long times at its optimal conditions
s rather new. This is in fact still an open issue, since close to the
ptimal point the SMB operation is less robust, i.e. highly sensitive
o system uncertainties (about adsorption isotherm, mass transfer
arameters, column packing that differs from one column to the
ther etc.), disturbances (temperature changes, pumps’ inaccura-
ies, feed and solvent composition changes etc.) and aging (e.g. of
he stationary phase). As a consequence, it is common practice to
un SMB separations at sub-optimal operating conditions in order
o avoid off-spec production.
The implementation of an effective feedback control scheme has
he potential to overcome the difficulties mentioned above and to
ealize the full potential of the technology. However, control of SMB
nits has its own challenges due to the underlying characteristics
f the process, i.e. its mixed continuous/discrete and non-steady-
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tate nature, and the fact that it exhibits significant time lags in
esponding to several disturbances. There have been a number of
esearch groups working in the area of SMB control for the last ten
ears, who have followed different approaches that are reviewed
ore in detail in the following.

.2.1. Simulated moving bed controllers
Kloppenburg and Gilles were the first to propose an SMB auto-

atic controller based on a TMB model of the process that was
sed for both off-line optimization and nonlinear state estimation
93]. They developed it for the separation of C8aromatics where
he large number of columns used makes the TMB model provide a
eliable description of the SMB process. The feedback information
ere composition data based on Raman spectra measured only at

he middle of the switching interval on the outlet streams and in
wo positions within the SMB loop. The controller was designed
ased on the principle of asymptotically exact input/output lin-
arization, and was successfully tested in simulation experiments
sing a detailed SMB model as virtual plant.

Kienle and coworkers have applied the theory of nonlinear chro-
atographic waves to design their controller [94]. This is used

ff-line to determine the optimal position of the composition fronts
n the unit according to specified performance criteria and the cor-
esponding operating conditions. During operation, the location of
he composition fronts is measured for instance with a UV detector,
nd two PI controllers are used to keep them in their pre-computed
osition. The controller was tested through simulations showing its
otential but also its limitations particularly in the case of nonlinear
dsorption isotherms.

The major drawback of the control methods presented above is
hat accurate parameters are needed, particularly accurate adsorp-
ion isotherms. These are difficult and time consuming to measure,
nd might change during long term operation because of for
nstance aging of the stationary phases. This implies that frequent
e-characterization and off-line re-optimization might be needed.

Such difficulty has been addressed by Engell and coworkers, who
ase their controller on the combination of three functions, namely
ptimization, control, and model parameters’ estimation, which are
ll performed on-line. The last function aims at making sure that the
odel used for optimization and control be accurate enough and is

ased on line measurements. In a first implementation, off-line pro-
ess optimization using a detailed SMB model was combined with
ocal linear controllers used to keep the internal concentration pro-
les at the desired position and with periodic re-estimation of the
ystem parameters [95,96]. Alternatively, linear model predictive
ontrol (MPC) was applied by successively linearizing identified
ulti-layer neural networks used to model the composition fronts’

ynamics in the SMB process and to capture its intrinsic nonlin-
ar nature [97]. The approach has been extended to an SMB reactor
here the enzymatic conversion of glucose to fructose is coupled

o the separation of the two sugars in order to obtain pure fruc-
ose with 100% conversion [98,99]. In this case a nonlinear MPC
ontroller has been designed, using a detailed nonlinear model of
he process. In order to overcome the heavy computational burden
ssociated to solving to global optimality a non-convex optimiza-
ion problem on-line, a strategy based on the use of a suboptimal
ut feasible solution under real time constraints has been adopted.
lso in this case model parameters are continuously updated using
easurements. The controller has also been tested experimentally.
Rhee and coworkers have developed an identification-based
ptimizing controller for SMBs, which implements MPC [100,101].
he controller interacts with the plant through its input, i.e. the
anipulated variables, which in this case are the SMB flow rates Q1,

E, QF, and QR, and its output, i.e. the controlled variables, which
re the product purities and performance parameters such as pro-
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uctivity and solvent consumption. The controller selects the new
nput using the process output and exploiting the predictions of a
rocess model, i.e. an input/output data-based model, not a detailed
rst-principles model, which is developed based on experimen-
al input/output data collected during the identification procedure.
he plant-model mismatch, which is given for granted especially
ver long term operation due to aging, is automatically compen-
ated by the controller that estimates the model error by comparing
he current measured output and the previous model predictions,
nd accounts for such error in the new model predictions. The new
nput to the plant is selected based on the requirement that the
uantities constituting the plant output attain their set-point val-
es over a time horizon called the prediction horizon. The set points
re the process specifications for purities and a zero set-point for
he solvent consumption and for the reciprocal of the productivity;
ith such choice the optimizing action of the controller is made
ossible. In spite of the linear nature of the input/output data-based
odel, that makes the calculation of the new input very fast, the

dentification-based optimizing controller has been demonstrated
o be able to control effectively an SMB separation characterized
y a nonlinear bi-Langmuir isotherm in both the disturbance rejec-
ion and the set-point tracking mode [100,101]. It has also been
uccessfully demonstrated experimentally on the separation of a
inary mixture of nucleosides [102].

The SMB optimizing controller developed at ETH Zurich aims
t fulfilling the product and process specifications minimizing off-
pec production, and at attaining optimal separation performance.
ontrary to the previous approaches, it is based on very limited

nformation about the system under consideration, namely only
he Henry’s constants of the two species to be separated and an
verage value of the column void fractions, and requires minimal
r no tuning [103–105]. The scheme of the optimizing controller,
hich is based on the so-called repetitive model predictive con-

rol [106,107], is shown in Fig. 16. The manipulated variables are
he four internal SMB flow rates (more recently they include also
he switch time [108]), whereas the measured variables are the
roduct compositions, i.e. their purities. The control problem is
ormulated as a constrained dynamic optimization problem that is
olved on-line during SMB operation, whereby any objective func-
ion for the SMB separation, e.g. minimum solvent consumption
r maximum productivity or a combination thereof, can be chosen
nd any constraints, e.g. on product purities or maximum pressure

rop, can be assigned. The optimizer uses a linear time-varying SMB
odel obtained via linearization of a detailed equilibrium disper-

ive SMB model around its cyclic steady state. This is coupled with a
eriodic time-varying Kalman filter to combine the measurement

ig. 16. Schematic of the optimizing SMB controller developed at ETH Zurich [103].
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nformation and the model estimation in an optimal manner in
rder to correct the model errors and to predict the plant’s per-
ormance over the prediction horizon. The on-line solution of the
ptimization problem provides the optimal flow-rate sequence for
he chosen future time window, i.e. the control horizon, of which
nly the element corresponding to the current time is implemented
n the plant.

Over the years the performance of the optimizing SMB controller
bove have been demonstrated through simulations using a vir-
ual SMB unit for systems subject to linear [104], Langmuir [105],
nd generalized Langmuir isotherm [109]. Since the controller uses
n all cases the same type of information, i.e. only Henry’s con-
tants and average bed void fraction, and does not have any clue
bout the isotherm the system is subject to, these results pro-
ide a strong indication that it can indeed be used also in cases
here the adsorption isotherm is not known. The controller has

lso been successfully tested in the optimizing control of a Varicol
rocess (see Section 5.3.1) [110] and for different modalities and
requencies in obtaining the measured variables, i.e. either con-
inuously [104,105] or on a cycle-to-cycle basis, i.e. by averaging
utlet compositions over one entire SMB cycle and acting on input
ariables only once every cycle [109,110]. From an experimental
oint of view the optimizing controller has been successfully used
o control and optimize the SMB separation of uridine and guano-
ine on the reversed phase SOURCE 30RPC (Amersham Biosciences)
n ethanol-water mixtures, under linear chromatographic condi-
ions using UV absorbance at different wavelengths to determine
roduct compositions [111,112].

.2.2. Optimizing control of enantioselective simulated moving
eds

The SMB control applications presented above refer always to
on-chiral SMBs. In principle, the extension of these techniques to
he separation of enantiomers is possible without any substantial

odification of the controller. A tool that allows optimal separa-
ion without time consuming characterization should also have a
ig potential since, particularly in the pharma industry where chiral
nantiopurity plays a key role and SMBs are often used to obtain
he target pure enantiomer of a drug, only little amounts of the
ewly developed drug are available during process development

or characterization. However, the application to the SMB separa-
ion of enantiomers presents an additional challenge related to the

onitoring of product compositions, since the use of for instance a
V detector only is not enough to estimate the absolute and relative
oncentration of two enantiomers in solution.

The SMB optimizing controller developed at ETH Zurich has
ndeed been applied also to the separation of the enantiomers
f guaifenesin on Chiralcel OD using ethanol as mobile phase
113,114]. The challenge of measuring on-line the composition of
he product streams has been solved in two different ways as
xplained in the following.

The continuous measurement of the composition of the product
treams can be obtained by using a UV detector and a polarimeter in
ombination. The former measures the absorbance of the mixture,
hich is proportional to the sum of the concentrations of the two

nantiomers. The latter provides a measurement proportional to
he difference of the two concentrations. Through proper calibra-
ion and signal processing the concentration of each enantiomer
an be obtained. This approach has been demonstrated in general
109] and successfully applied as monitoring technique together

ith the optimizing controller [113]. In the latter case the polarime-

er had to be placed on a high pressure line in the SMB unit, and, in
pite of accurate preliminary calibration work and periodic flush-
ng with pure solvent, the accuracy of the measurement was good
ut not excellent, thus leading to a degraded performance of the
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Fig. 17. Separation of guaifenesin enatiomers on Chiralcel OD in ethanol. Evolution
of product purities of extract and raffinate and of the performance index used for
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varying adsorption behaviour. This concept can be exploited in the
ptimization. Total feed concentration is initially 10 g/L and then after 105 cycles it
s reduced to 8 g/L. The controller is switched on after cycle 5 in order to achieve a
esired purity of 98.5% for both product streams [114].

ontroller as compared to what is expected based on a test using
imulation experiments.

An alternative approach relies on a standard HPLC analytical
easurement using a enantioselective column, e.g. the same used

n the SMB or another one if beneficial for the speed of the analy-
is. In this case the challenge is represented by the design and set
p of a proper automated system of vessels, pumps, and valves,
hich, together with an autosampler and a HPLC chromatograph,

llows withdrawing the product streams during a whole SMB cycle
nd collecting them in separate well-stirred vessels, sampling the
ixture and injecting the sample into the HPLC column, emptying

nd flushing the vessels, and at the same time collecting the next
raction of product streams in another pair of vessels [115]. Such

system has been successfully used together with the optimiz-
ng controller for the same chiral separation mentioned above thus
chieving a control performance in line with what was expected
rom simulations [114]. This separation has demonstrated exper-
mentally that the optimizing controller is indeed able to control

enantioselective SMB separation, also in the nonlinear range of
he adsorption isotherm, as illustrated in Fig. 17. In the figure the
xtract and raffinate purities as a function of time (represented by
he number of SMB cycles, corresponding in this case to 16 min)
re plotted. The SMB unit is started up from an operating point far
rom the complete separation region, which is not known in this
ase. The optimizing controller is switched on after 5 cycles and
llows fulfilling specifications after about 35 more cycles. After 105
ycles the total feed concentration is reduced from 10 to 8 g/L, and
he controller is able to recover specifications in less than 20 cycles.
fter fulfilling specifications on purity the controller action aims at
ptimizing the separation performance as defined by the user.

. New implementations and modifications of the
imulated moving bed technology

The previous sections have dealt with the classical liquid phase
MB operation under the following requirements: the properties
f the mobile phase are identical in all SMB sections (isocratic
peration); operating conditions such as flow rates and feed con-
entration are kept constant within a switch period, i.e. between

wo consecutive switches of inlet and outlet ports; all inlet and
utlet ports are switched synchronously. Under these conditions
unning an existing SMB unit for the separation of enantiomers
mplies selecting the chiral stationary phase and the mobile phase,
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he operating temperature, the number of columns and their con-
guration (how many columns per section), the feed concentration,
he four internal flow rates and the switch time.

In fact all the classical features mentioned above can be relaxed,
nd new multicolumn chromatographic processes that are exten-
ions and modifications of the classical SMB can be developed.
elaxing one or the other of the constraints above yields additional
egrees of freedom in the choice of operating parameters that can
e exploited to improve the SMB separation performance. In the
ollowing we present these multicolumn chromatographic process
tarting with the gas phase SMB, followed by the gradient mode
peration of SMBs, and finally by the operation modes when one or
he other of the operating parameters is modulated during a switch
eriod.

.1. Gas phase simulated moving bed processes

Conventionally, the SMB has been operated using liquids as
obile phases. However, successful demonstrations have also been

erformed using gases as mobile phases [80,116–119]. In these sys-
ems an inert gas is used as the mobile phase and the feed is
repared by saturating a gas stream with the volatile solute. Gas
hromatography- simulated moving bed (GC-SMB) was success-
ully used for the enantioseparation of the enantiomers of ˛-ionone
117], inhalation anesthetics enflurane [80,116,118] and isoflurane
119] on cyclodextrin based stationary phases. A key difference
etween the liquid and gas phase SMBs is the influence of pressure
rop on the flow rate. While this influence is negligible in the case
f liquid systems, it becomes significant when gas phase systems
re involved. In the case of gas phase SMBs, a simple correction to
he dimensionless flow-rate ratios can be introduced after which
he region of complete separation can be determined by using the
xpressions given in Table 2. For GC-SMB systems, mj is appropri-
tely defined as

j = Q0,jt
∗Jj − Vε

V(1 − ε)
(40)

here Q0 is the volumetric flow rate at the inlet of the section j and
he James-Martin factor, Jj , is defined as

= 3
2

(
pin/pout

)2 − 1(
pin/pout

)3 − 1
(41)

here pin and pout are the inlet and outlet pressure of the fluid
hase in a particular section. It can be seen that for low pressure
rops, the James-Martin factor approaches a limiting value of 1
nd the definition of mj becomes identical to the one used for liq-
id SMBs. Although the GC-SMB has been successfully designed
nd operated, there are no published reports about its commercial
pplication. The primary reason for this can be attributed to the
imited solubilities in gas phase which in turn results in limited
roductivities.

.2. Gradient operations

Gradient operation has been traditionally employed in analyt-
cal chromatography. In this mode, a spatial/temporal gradient of
n intensive variable such as temperature, solvent composition, pH
tc. is applied. The objective of implementing a gradient is often to
mprove resolution and to enable the elution of solutes with widely
MB process. The rationale for a gradient implementation lies in
he realization that Sections 1 and 4 have distinctly different tasks.
n the one hand, the task of Section 1 is to regenerate the station-
ry phase, and hence creating conditions that will result in shorter
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ditions is by altering the composition of the solvent [121–123]. The
“solvent gradient SMB (SG-SMB)” is suited for systems for which the
Henry constants exhibit a strong relationship to the solvent compo-
sition. In a classical SMB, when the solvent contains two (or more)

Fig. 19. Complete separation region corresponding to the gradient SMB separation
of species A and B (linear isotherm). Topography of the (m2, m3) plane: (1) com-
Fig. 18. Schematic of temperature gradient (t

etention times, i.e. lower Henry constant will enhance its perfor-
ance. On the other hand, the task of Section 4 is to regenerate

he mobile phase, and hence creating conditions that will result in
onger retention times, i.e. larger Henry constant will enhance its
erformance. It is clear that a suitable gradient will be the one that
ill result in increasing the retention times as we move from Sec-

ion 1–4. Three gradient implementations, namely, temperature,
olvent composition and pressure are discussed.

.2.1. Temperature gradient simulated moving bed
In general, the dependence of the Henry constant on tempera-

ure can be written as

i = Ni

[
K0

i exp

(
−�H0

i

RT

)]
(42)

here �H0
i

is the heat of adsorption and R is the universal gas con-
tant. Since �H0

i
< 0, the Henry constant of the solute decreases

ith increasing temperature. Based on this observation, a temper-
ture gradient, where the temperature reduces as we move from
ections 1–4, as shown in Fig. 18, can be envisaged. In practice, this
an be realized by changing the temperatures of the jacketted col-
mn after each switch. If we assume that the columns reach thermal
quilibrium instantaneously and that other physical parameters,
.g. density are insensitive to temperature, then the region of com-
lete separation on the (m2, m3) plane is depicted as shown in
ig. 19. As seen in the figure, the region of complete separation
s no longer triangular but a rectangle with an area larger than the
egions corresponding to the isocratic (uniform elution conditions
n all sections) operation at either of the temperatures. It can also be
oticed that the vertex of the triangle A is farther from the diagonal

ompared to the vertices B and C and hence a higher productiv-
ty can be achieved by a temperature gradient operations [120].
owever, in practice, the heat capacity of the column walls and the

tationary phase are significant and hence the characteristic times
or the attainment of thermal equilibrium are much longer than
he retention times. This is a rather severe limitation towards the
mplementation of the temperature gradient in an SMB unit.

p
r
t
e
s
p
p
r
u

d solvent gradient (bottom) SMB operations.

.2.2. Solvent gradient simulated moving bed
The second method of implementing a gradient in elution con-
lete separation, (2) pure extract and raffinate polluted with species A, (3) pure
affinate and extract polluted with species B, (4) both extract and raffinate con-
aining both species A and B, (5) extract flooded with pure desorbent, both species
ntirely collected in the raffinate, (6) raffinate flooded with pure desorbent, both
pecies entirely collected in the extract, (7) extract flooded with pure desorbent,
ure raffinate and species A accumulating in the unit, (8) raffinate flooded with
ure desorbent, pure extract and species B accumulating in the unit and (9) both
affinate and extract flooded with pure desorbent, both species accumulating in the
nit [120,122]. The operating line corresponds to the solvent gradient-SMB case.
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Fig. 20. Comparison of experimental results (symbols) with the calculated region of
complete separation for the SF-SMB separation of tetralol enantiomers on Chiralcel
OD. The figure compares the complete separation region of pressure-gradient (PG)
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omponents, with respect to the solvent introduced at the inlet of
ection 1, a change in the solvent composition can be introduced at
he feed stream. Hence, it is possible to envisage an operation where
ections 1 and 2, as shown in Fig. 18 are operated with a solvent
omposition x2 while Sections 3 and 4 are operated with a composi-
ion x3. However, it is important that the condition Hi(x2) < Hi(x3)
e met. Under these conditions, the region of complete separation

s shown in Fig. 19. where a similar result as in the case of tem-
erature gradient operation can be obtained, i.e. it is possible to
btain larger productivities compared to isocratic cases. Further, in
he solvent gradient mode, in addition to satisfying the overall node
alances, the component mass balance for the solvent should also
e satisfied [122]. These constraints result in the establishment of
he operating line as shown in Fig. 19. Only those points that lie on
he operating line and within region 1 yield complete separation.
n important factor that has to be considered is the solubility of

he solute over the range of solvent compositions. If solubility is
ot a limitation, this mode of operation can be attractive. In fact, an
xtension of this idea has been commercialized for the separation
f biomolecules [124,125].

.2.3. Supercritical fluid simulated moving bed chromatography
SF-SMB)

A fluid whose pressure and temperature is above its critical val-
es is termed as a supercritical fluid. These fluids posses unique
roperties such as liquid-like density and a gas-like viscosity that
ake them attractive for use as mobile phases in chromatography.

upercritical fluid chromatography (SFC) which uses these fluids
s mobile phases, offers high separation efficiency and reduced
ressure drop at high mobile phase flow rates. Hence, it is pos-
ible to separate solutes relatively fast thereby reducing run times
126–128]. A particularly attractive property of supercritical flu-
ds is the fact that their solvent power can be altered by changing
he pressure. In general, the fluid has a larger solvent strength at
igh pressure that can be significantly reduced at low pressures.

n the case of SFC, the partitioning of the solute between the sta-
ionary phase and mobile phase depends on its solubility in the

obile phase and hence its retention properties are a function of
he mobile phase density.5 The dependence of the Henry constant
f the solute on the fluid phase density can be expressed as

i = H∗
i

(
�∗

�

)di

(43)

here Hi and H∗
i

are the Henry constants at the operating and refer-
nce densities � and �∗ respectively while d is an empirical constant
hat experimentally determined [129–131]. Typical reported val-
es of di range from 3 to 4 [130,131]. Hence, it can be seen that
he retention property of the solute can be significantly altered by

anipulating the mobile phase density pressure, thereby opening
p the possibility of performing pressure gradients.

Clavier and Nicoud proposed the concept of the supercritical
uid -SMB (SF-SMB) and suggested that productivity improvement
an be achieved by imposing a pressure gradient across different
ections of the unit [132]. Later, the triangle theory was extended
o the case of the SF-SMB and the effect of pressure gradient on the

roductivity was studied [133]. It was shown that the improvement

n process performance of the pressure gradient mode compared
ith the isocratic case was more pronounced for systems showing

ow selectivity.

5 The solvent power of a fluid is more appropriately described by its density rather
han the pressure. Hence, it is often suggested that the properties are better ratio-
alized as a function of density rather than by pressure. At a given temperature an

ncrease in pressure results in the increase in density.
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nd isocratic-mode of operation. Note that the PG mode offers higher productivity
ompared to the IM mode. The theoretical predictions were confirmed by experi-
ents. Symbols: Squares correspond to experiments under PG mode, while circles

epresent experiments under IM. See Denet et al. [130] for further details.

It is important to note that as in the case of GC-SMB, the presence
f a pressure drop leads to a variation in the flow rate along the axial
irection. Under such conditions, the mass flow rate is the only
arameter that is invariant along the length of a section. Hence, for
F-SMB systems Eq. (15) can be re-written as

j = Gjt
∗ − Vε�4

V(1 − ε)
(44)

here Gj is the mass flow rate in section j of the SF-SMB and �4 is
he average density in Section 4[134].

The SF-SMB has been experimentally demonstrated for both
nantiomeric and non-enantiomeric separations [130,135–138].
ig. 20 shows the region of complete separation for the enan-
ioseparation of tetralol on Chiralcel-OD [130]. It can be seen that
ignificant productivity improvement can be obtained by operating
he unit under a pressure-gradient mode since the region of com-
lete separation is larger and its vertex is farther from the diagonal
ompared to the isocratic mode. Denet et al., realized the pressure
radient by incorporating a back pressure regulator in between Sec-
ions 2 and 3 and this resulted in a productivity improvement of 3
imes compared to the isocratic case. The suitability of the Triangle
heory for SF-SMB separation under non-linear conditions has also
een experimentally verified [138].

Apart from the fact that SF-SMB allows the application of sol-
ent gradients, its attractiveness lies in the possibility of reducing
rganic solvent consumption. The typical supercritical fluid mobile
hase consists of CO2, which is inexpensive, non-toxic and eas-

ly available and an organic modifier. Since the mobile phase is
redominantly CO2, it can be separated from the solute and the
odifier by reducing the pressure. This results in a concentrated

roduct which can be recovered with minimal evaporation of the
odifier. Although SF-SMB has several advantages, its industrial
pplication has been very limited. Two reasons can be attributed
o this. Firstly, since CO2 is non-polar, it exhibits a poor solubility
owards polar solutes (several enantiomers encountered in prac-
ice are polar) hence limiting the productivity. Secondly, the general
eluctance to the use of high-pressure operations, owing to safety
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nd economic concerns seem to be a roadblock to the adaptation
f this technique. While single column SFC becoming increasingly
cceptable in the industry [139], it can be envisaged that the SF-SMB
ould take-off in the future.

.3. Simulated moving beds with non-constant operating
onditions

The nature of the SMB process offers the flexibility to vary oper-
ting parameters within a switch period in a rather simple manner
lso from a practical point of view. These parameters are the unit
onfiguration, i.e. the number of columns per section, the inter-
al flow rates (through changes of the external ones), and the inlet
oncentrations. The unit is still operated essentially in the isocratic
ode hence contrary to the gradient mode operation no additional

haracterization work with respect to the standard SMB has to be
arried out. Typically the switching period is subdivided in a few
ub-intervals, e.g. 3 to 5, and the relevant operating parameter is
aried among the different subintervals. The increased complexity
f the operation is compensated by the possibility of improving per-
ormance by exploiting the additional degrees of freedom. In some
f the case discussed below the main benefit of the new opera-
ion mode is that it allows for reducing the number of columns
ith respect to the standard SMB operation without sacrificing

hroughput and process specifications.

.3.1. Varying column configuration
In the operation of the classical SMB unit, the column config-

ration, i.e. the number of sections and the number of columns
er section is fixed prior to start-up. Once the unit is started,
he inlet and outlet ports are switched simultaneously, i.e. a syn-
hronous switch is implemented. Hence, in this mode of operation,
t any time the unit configuration is the one chosen prior to
tart-up, where only an integer number of columns per section

an be assigned. Let us consider as an example a 6-column SMB
nit like the one in Fig. 21. It is worth noting that using six
olumns, with the limitation that a minimum of one column is
resent in each section, ten different configurations are possible,

.e. 1/2/2/1, 3/1/1/1, . . . , or 1/2/1/2 as in the figure. In the case

e
w
i
c
p

Fig. 21. Example of a VariCol s
r. A 1216 (2009) 709–738

f an SMB unit for the entire duration of the switch period the unit
onfiguration and the position of the inlet and outlet ports remain
he same.

More freedom in choosing the unit configuration is offered by
he “VariCol” process, where each port is switched independent
f the others, i.e. port switching is performed asynchronously as
hown in Fig. 21[140]. As readily observed the switching period
s subdivided into four sub-intervals of duration 20% or 30% of
he switch time, and only one port is switched at the end of each
ub-interval. Therefore, during the four subintervals of the exam-
le the unit configuration is first 1–2–1–2, then 1–2–2–1, then
–1–2–1, finally 2–2–1–1, and then again 1–2–1–2 after exactly
∗. The average unit configuration can be calculated, and turns out
o be in this case 1.5–1.7–1.6–1.2, i.e. by asynchronously switching
he ports the number of columns per section attains non-integer
alues. This operation mode allows in principle for infinite unit
onfigurations and hence gives the possibility to make the best
se of the column for separation. The VariCol has been experimen-
ally demonstrated [61,141] and commercialized [141,142]. Several
heoretical [61,62,88,143,144] and experimental studies [61] have
hown that the VariCol provides improved performance compared
o the classical SMB. In many instances it has been shown that it
s possible to reduce the number of columns thereby leading to a
eduction in stationary phase requirement. The VariCol, due to the
synchronous switching, is fairly complex to design and there exists
o straightforward methodology. Hence, the identification of oper-
ting conditions requires the use of a suitable process model such
s the one discussed in Section 2.1.

.3.2. Changing flow rates
Another class of SMB operation modes aims at achieving better

erformances by changing the flow rates in one or more SMB sec-
ions during the switch period, by properly changing external flow
ates. The strategy behind these techniques is based on acknowl-

dging that the concentration profiles at the product outlets vary
ith time (as illustrated in Fig. 4). Then internal flow rates are varied

n such a way to influence the concentration profiles along the SMB
olumns and to collect the product streams at the highest possible
urity instead of collecting them during the whole switch period.

witching strategy [140].
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ig. 22. Scheme of the SMB separation of species A and B. Three variations of the clas
xtract SMB, (2) PowerFeed, and (3) ModiCon. (1) Consists on introducing a concen
ow rate and the feed concentration, respectively, during the switch period.

.3.2.1. Partial feed, partial withdrawal. The concept of varying the
MB internal flow rates during the switch period was first intro-
uced in the 1990s [145,146]. As illustrated schematically in Fig. 22,

n this type of operations the switch period is divided in subin-
ervals and the external and internal flow rates of the SMB take
ifferent values in the different subintervals. Such values for the
xternal streams can also be zero, i.e. the corresponding outlet port
an be shut off during part of the switch period.

This approach has been thoroughly investigated by Wankat and
oworker, who have clarified the reasons why these strategies are
uccessful and have provided guidelines for the choice of optimal
perating conditions through detailed simulations supported by
n equilibrium theory analysis in the case of systems subject to a
inear adsorption isotherm [147,148]. In particular they have con-
idered the partial feed operation in which the feed is introduced as
pulse, i.e. for only a fraction of the switch period, and the raffinate
ow rate is adjusted accordingly so as the internal flow rates Q1, Q2
nd Q4 remain unchanged. Two additional degrees of freedom are
rovided, namely the start and the duration of the feed injection,
nd it is demonstrated that the new process outperforms the stan-
ard SMB particularly when only four columns are used [147]. It

s also possible to show that when the feed pulse is injected at the
eginning of the switch the extract purity is improved, whereas late
eed injection leads to better raffinate purity. Wankat and coworker
ave also proposed a partial withdrawal strategy where one of the
wo product streams is withdrawn only for a portion of the switch
eriod [148]. Partial feed and partial withdrawal can also be com-
ined, again yielding a process more efficient than standard SMB.

.3.2.2. PowerFeed. The PowerFeed process relies on a similar con-
ept of varying flow rates within a switch and has been studied
oth theoretically [87,88] and experimentally [149], for opera-
ion in the linear and in the non-linear range of the adsorption
sotherm. With reference to the theoretical work, this has been
ased on the application of multiobjective optimization tools, since
o simple equilibrium theory-based design method exists for such

rocess. Such optimization has involved a larger number of addi-
ional degrees of freedom than in the case of the partial feed and
ithdrawal operations discussed above. As illustrated in Fig. 15,

t has been shown that PowerFeed improves the separation perfor-
ances with respect to the standard SMB with the same number of

t
n
S
c
m

MB scheme are identified with a dashed envelope and a label, namely, (1) enriched
step between Sections 1 and 2 of the unit, (2) and (3) consist on varying the feed

olumns and is at least as good as the Varicol process with the same
umber of columns. The PowerFeed potential has been confirmed
xperimentally on the separation of the enantiomers of �-ionone,
n a Nucleodex- �-PM stationary phase, using methanol–water
0/30 (v/v) as mobile phase, under conditions where retention is
escribed by a strongly nonlinear Langmuir isotherm [149].

.3.2.3. Partial discard strategies. By extending a technique well
nown in column chromatography, the possibility of shaving off
he part of the concentration profile leaving one or the other of
he outlet ports, whose purity is too low, has also been proposed.
lthough in this approach there is no change of internal flow rates,
e mention these techniques here because also in this case the aim

s to improve performance by exploiting the fact that the outlet con-
entration profile is time dependent. In one implementation of this
oncept the undesired part of the outlet streams is just discarded,
hus reducing recovery of the species to be separated but enhanc-
ng purity [150]. In another application, the discarded portion of
xtract or raffinate are possibly recycled back with the feed to be
urther separated [151].

.3.2.4. Improved SMB process. The improved SMB (ISMB) process
ommercialized by the Nippon Rensui company and illustrated in
ig. 23 is a special case of the partial feed and partial withdrawal
trategy presented above [152]. It is commercially applied in the
ugar industry, using typically only four chromatographic columns.
he switching period of an ISMB is divided in two steps. During step
A” its configuration is that of a 3-section SMB, where the feed is
njected, extract and raffinate are withdrawn, and Q4 = 0. During
tep “B” all inlet and outlet ports are shut off and the fluid phase is
irculated through all four sections of the unit, i.e. Q1 = Q2 = Q3 =
4 and QF = QD = QE = QR = 0.

For a given SMB unit and feed concentration, the ISMB process
nvolves six degrees of freedom instead of the five of a standard
MB unit, namely Q1, Q2 and Q3 during step “A”, Q4 during step “B”,
he switch time t∗, and the fraction of it devoted to step “A”, ˛. In

he case of a linear isotherm it can be shown that the average inter-
al flow rates must fulfill the same four constraints of a standard
MB as given by Eqs. (14a)–(14d)[153]. Additionally, enforcing the
ondition that flow rates be chosen so as to reach in both steps the
aximum pressure drop through the unit yields the two missing
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Fig. 23. Scheme of the Improved SMB (ISMB) operation for the separation of a

onstraints and allows determining the values of the six operat-
ng conditions. It has been shown through both simulations and
xperiments that at least under linear conditions the ISMB process
ith four columns can achieve the same very high purity as an SMB
ith six columns, but with a specific productivity, which is twice as

arge [153]. Experiments and simulations have dealt with the sep-
ration of the enantiomers of the Tröger’s base on ChiralPak AD,
sing ethanol as mobile phase.

.3.3. Modulating concentrations

.3.3.1. ModiCon process. The ModiCon process is a variation of the
MB, developed by Seidel-Morgenstern and coworkers, wherein
he feed concentration is modulated within the switch [94,154].
his process exploits the fact that the propagation velocities of
he components in non-linear chromatography are concentration
ependent, and tries to optimize performance by tuning them
17,43,44]. As a consequence, this process can be applied only when
he concentrations in the SMB unit correspond to conditions where
he adsorption isotherm is non-linear. In the ModiCon, the switch
ime is divided into several sub-intervals and the feed concentra-
ion is varied in each switch as shown in Fig. 22. Theoretical studies
ndicate that for the same number of columns, since ModiCon offers
dditional degrees of freedom, it consistently yields better per-
ormance compared to the classical SMB scheme [88,94,154,155].
he practical implementation was also demonstrated by using a
radient pump for the feed delivery [154]. So far, there are no
traightforward design tools for designing a ModiCon separation
nd rigorous optimizations have to performed in order to arrive at
he optimum operating conditions. However, it has been found that
ntroducing the feed as late as possible during the switch period
ields better results compared to introducing it earlier [88,155].
ince the ModiCon exploits the effects of isotherm non-linearity, it
s expected to perform better for systems where the solute is highly
oluble in the solvent and the isotherm is non-linear. When the sol-
bility is low and the isotherm is fairly linear, the ModiCon process
ight not yield significant improvements [88].

.3.3.2. Concentrating the extract stream. A modification of the SMB
peration has been recently patented in which part of the extract
tream is concentrated continuously, e.g. by solvent evaporation,
nd re-injected at the same point of the unit, i.e. at the inlet of Sec-
ion 2(see Fig. 22) [156]. In such a way the front velocities in Section
of the SMB are altered in a potentially advantageous way. This
peration has been named M3C [157] or enriched extract SMB (EE-
MB). Equilibrium theory allows obtaining the region of complete
eparation in the (m2, m3) plane corresponding to the Langmuir
sotherm, which is the only case where such enrichment is indeed

w
i
a
[
i

y mixture. The switching period is divided in two steps indicated as A and B.

dvantageous [158]. With the help of detailed simulations the per-
ormance of the EE-SMB can be evaluated. It results that provided
he extract is concentrated beyond a certain threshold that depends
n the parameters of the adsorption isotherm the EE-SMB opera-
ion is better than the standard SMB operation, particularly when
he specified purity is higher for the more retained species [158].

.4. Combining simulated moving bed chromatography and
rystallization

Most often enantiomers have to be delivered as a powder
fter the SMB separation and the evaporation of the solvent. In
ome cases the downstream crystallization step may be viewed
s a final polishing step where the purity achieved in the SMB
s further enhanced. Though very powerful in reaching very high
nantiomeric purity from an already enriched solution of one enan-
iomer, crystallization cannot be used to separate a racemic mixture
nless through application of the rather cumbersome method
alled preferential crystallization [159].

Such characteristics of crystallization can be effectively
xploited by coupling SMB and crystallization, as proposed by sev-
ral researchers in the last few years [50,51,160,161]. A schematic
iagram of the combined process is shown in Fig. 24, where the
MB unit is followed by two crystallizers for the extract and the
affinate streams, which are at a purity below the process specifica-
ions but above that of the eutectic formed by the two enantiomers
50]. In the crystallizers the pure enantiomers are precipitated, typ-
cally by evaporative crystallization, and withdrawn, whereas the

other liquors that contain still both enantiomers are recycled back
o the SMB together with the evaporated solvent. The key idea
ehind this process concept is that as the purity reached in the
MB decreases, performance parameters such as productivity and
olvent consumption improve, i.e. there is a positive effect. On the
ther hand however, as a drawback the amount of mother liquor
hat needs to be recycled increases.

There is clearly scope for optimization as shown by the stud-
es cited above, where it has been underlined how important it is
o properly formulate the optimization problem in order to obtain

eaningful results and to make sure that both continuous chro-
atography and crystallization can be carried out in the same

olvent. As an example, a multi-objective optimization study on the
eparation of the Tröger’s base enantiomers in a combined process

as carried out based on experimental data about the adsorption

sotherms and the solubility of the two enantiomers in ethanol, on
detailed SMB model and on a simplified model of the crystallizers

50]. With the aim of achieving maximum throughput and min-
mum solvent evaporation, it was shown that the optimal purity
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Fig. 24. The combined SMB—crystallization process, where the racemate as w

o be reached in the SMB in this case was of about 97%, as lower
urities would imply an excessively large mother liquor recycling.
thorough study of the impact of kinetic effects, such as incorpora-

ion of inclusions of the wrong enantiomer during crystallization, as
ell as of the best way to integrate SMB and crystallization within

he overall synthesis route of a single enantiomer is still missing in
he literature.

. Chiral stationary phases

Chiral stationary phases (CSPs) are possibly the most important
omponent of a chiral chromatographic separation. Developments
n the past two decades have resulted in a variety of CSPs exhibiting
etter performance and higher stability that have boosted the scale
p of enantioselective chromatography to multi-column applica-
ions [11,14,16]. From the perspective of large-scale separations,
here are a few important limitations posed by the stationary
hases. Firstly, there is no universal stationary phase, mobile phase
ombination applicable to wide variety of separations. Fortunately,
few CSPs are able to resolve the bulk of the enantiomers that are
ncountered in practice [11]. Nevertheless, a time consuming and
ostly screening is almost always required to narrow down the best
SP and mobile phase for a particular separation. Secondly, since
lmost all the stationary phases available on the market contain
chiral discriminator immobilized on to a support, the available

urface area is often meagre compared to materials such as zeo-
ites. This poses severe limitations to the productivity that can be
chieved. Finally, owing to patenting issues, CSPs are often expen-
ive.

Recent work in CSP design addresses some of these aspects. An
mportant trend that has been observed in the recent past is the
volution towards CSPs consisting of particles of less than 10 �m
n size. Until recently CSPs for preparative applications were avail-

ble with particle sizes as low as 5 �m. Recently 3 �m have been
ntroduced and find increasing use in analytical separations [162].
hough they are expected to yield better separation, factors such
s pressure drop and the associated frictional heating might in fact
iminish the potential advantages gained by reduction in particle
the pure enantiomers are fed and withdrawn, respectively, as powders [50].

ize [78,163,164]. Adequate engineering solutions must be devel-
ped so that smaller particles can be accommodated in preparative
eparations. It can also be foreseen that such effects might propel
he development of processes with fewer number of columns, e.g.
aricol, ISMB etc.

. Concluding remarks

Classical SMB chromatography, as discussed in this review, is
ow a mature technology. As it continues to be an important tech-
ique in the petrochemical industry, and after realizing its potential

or enantiomer separations, the SMB technology is now an impor-
ant component of the separation toolbox in the pharmaceutical
ndustry, particularly to manufacture single pure enantiomers of
acemic drugs. Reliable equipment is now available to implement
MB separations from grams to multi-ton scales, i.e. not only dur-
ng the development of a new drug but also in production. Robust
esign methods, as reviewed, have been developed and have aided
he growth and the penetration of the technology. There are how-
ver strong indications, that the SMB technology has still significant
oom for improvement as seen from a host of new processes and
onfigurations that have been proposed, tested and developed in
he last few years. In the following we list some challenges and
pen issues where research efforts on enantioselective SMB could
e focussed:

1) Fundamentals of enantioselective chromatography. There is a
continuing need for better and faster tools and methods to
determine adsorption isotherms and mass transfer parameters
[19]. It is well known that the constitutive equations describing
these have a decisive impact on the model predictions, and their
accuracy on the quality of the simulation results, which are at
the basis of all design and optimization methods. We believe

that dynamic methods where chromatographic experiments
are carried out and compared with detailed simulations, i.e.
the curve fitting approach, represent the main avenue towards
estimating accurate model parameters. Nevertheless, we also
believe that molecular modeling techniques will have a bigger
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role in the future towards being able to predict retention phe-
nomena for enantiomers on chiral stationary phases, possibly
supported by advanced analytical techniques able to provide
information about surface phenomena at the molecular scale.

2) New processes and new equipment. Today, as discussed in
Section 5, there are several different multi-column chromato-
graphic processes that are in principle able to outperform
standard SMB; there will be possibly more in the near future
as research advances. Their separation performances are better
because they exploit additional degrees of freedom as com-
pared to the standard SMB process. This implies that they are
more complex, and they require more equipment flexibility.
Most equipment today is manufactured for a specific operation
mode, with a control software that does not allow changing
from it to another one. Although we are aware of constraints
related to intellectual property issues, we argue that equipment
that can be configured, preferably through a software, in order
to implement a wide variety of SMB operating modes will be
most beneficial to the user. Ideally these configurations should
be chosen based on the outcome of optimization studies.

3) Rapid optimization and robust control systems. The advan-
tages of optimization and control techniques for preparative
chromatography cannot be overstated, not only in the field of
enantioselective chromatography but also for bioseparations.
Computing power is easily available and desktop computers can
solve large scale optimization problems within acceptable time
frames. This will also help the development of better, faster and
more robust controllers, using state of the art detectors, partic-
ularly to measure the composition of mixtures of enantiomers.
As for the previous bullet point, also in this case a higher degree
of flexibility of the commercial SMB equipment and of its soft-
ware will be an enabling prerequisite for the implementation
of online SMB controllers.

4) Reducing solvent consumption. Although the SMB offers signif-
icant advantages compared to elution chromatography, it still
requires large amounts of organic solvents and correspondingly
large heat duties for solvent evaporation. Growing environ-
mental concerns and rising oil prices might push the industry
towards reducing solvent consumption. This again calls for new
and better SMB operating modes, for a more widespread use of
advanced optimization and control tools, but also for the adop-
tion of technologies such as SF-SMB, where organic solvents are
replaced by supercritical carbon dioxide.

5) Better stationary phases. Chiral stationary phases that offer
better selectivity, higher capacity, better resolution, higher sta-
bility, and lower cost are required to improve the productivity
of enantioselective SMB processes, as well as the consumption
of solvents. Further, stationary phases that can separate a wider
range of enantiomers are also important as this will help reduce
screening time and stationary phase inventories. We expect
that developments in this area will continue, and will more and
more support the further deployment of multi-column chiral
chromatographic processes.

omenclature

i Parameter in bi-Langmuir isotherm
Cross sectional area of the column (cm2)

i Parameter in bi-Langmuir isotherm (L g−1)

i Fluid phase concentration (g L−1)

Empirical constant in Eq. (43)
L,i Axial dispersion coefficient (cm2s−1)
R Desorbent requirement (g desorbent (g feed)−1)

i Net flux of the solute in a TMB process (g cm−2 s−1)

M
U
n
S
a

r. A 1216 (2009) 709–738

Mass flow rate (g s−1)
i Henry constant
∗ Reference Henry constant
Hi Enthalpy of adsorption (cal mol−1)

James Martin factor as described in Eq. (41)
i Mass transfer coefficient (s−1)
i Equilibrium parameter in generalized Langmuir and bi-

Langmuir isotherms (L g−1)
j Dimensionless flow-rate ratio

i Solid phase concentration (g L−1)
∗
i

Equilibrium solid phase concentration (g L−1)

i Saturation capacity (g L−1)
Pressure (bar)
Purity

R Productivity (g feed (g stationary phase)−1 s−1)
j Volumetric flow rate of the fluid (L s−1)
s Volumetric flow rate of the solid (L s−1)

Universal gas constant (cal K−1 mol−1)
j Number of columns in a particular section of the unit

Time (s)
∗ Switch time (s)
R
i

Retention time (s)
Temperature (K)

s Solid phase velocity (cm s−1)
Interstitial fluid phase velocity (cm s−1)
Column volume (L)

D
j

Dead volume per column (L)

T Total volume of all columns in a SMB unit (L)
Mole fraction
Recovery
Axial coordinate (cm)

reek symbols
Fraction of switch time devoted to step A in the ISMB
process
Fraction of switch time devoted to step B in the ISMB
process
Column void fraction
Roots of characteristic equation defined by Eq. (32)
Density (g L−1)

∗ Reference density (g L−1)

ubscripts and superscripts
Desorbent
Extract
Feed

n Column inlet
Component
Section

ut Column outlet
Raffinate
Solid/stationary phase
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