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Abstract The Simulated Moving Bed (SMB) concept

has been applied to the separation of different mix-

tures as a continuous counter current separation pro-

cess, avoiding several problems related with solid mo-

tion. The aim of this work is to present some relevant

examples of SMB separations corresponding to the two

major ages in the use of the SMB concept, here named

“old” and “new” applications. The “old” applications

of SMB technology in the petrochemical industry are

still important, with large and highly productive units;

and the “new” applications of the second “age” of SMB

concept are from the fine chemical, pharmaceutical and

biochemistry areas, associated with the demand of high

purity products during the last 10 years.

Different examples are presented for different ages:

a UOP Parex©R process for the “old”, modelled with

the equivalent True Moving Bed (TMB) approach; and

a chiral resolution for the “new”, modelled by the

real SMB model. Some of the latest developments are

also mentioned: the non conventional techniques as

the Varicol©R process, PowerFeed, Modicon, M3C or

Enriched Extract-SMB (EE-SMB), MultiFeed (MF),

Outlet Streams Swing (OSS) or Pseudo-SMB, involv-

ing considerable changes in the SMB concept itself.

The use of the last optimization/modelling packages
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for the development of design techniques, either at the

conception stage as well as for performance improve-

ments of existing units is emphasized.
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1 Introduction

The study of large scale adsorptive/chromatographic

separation processes is usually divided into two major

classes: the cyclic batch operations, where the adsor-

bent bed is alternately saturated and regenerated; and

the continuous systems, often performed by the contin-

uous counter current contact between the fluid phase

and the adsorbent solid phase, as zeolites (Sherman,

1984).

The use of continuous chromatographic counter cur-

rent operation modes maximizes the mass transfer driv-

ing force, providing a better utilization of the adsorbent

than in the traditional batch mode. Nevertheless, in this

counter current operation (so-called TMB—True Mov-

ing Bed), it is necessary to circulate not only the fluid

phase but also the solid. The solid motion has some

disadvantages (attrition, lack of efficiency, fluid veloc-

ity limited by fluidization phenomena, etc.) and from a

technical point of view, is not easy to implement.

The solution to this major problem was first

proposed through an inventive way by Broughton and
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Table 1 Comparison of

“Old” and “New” SMB

units

p-xylene separation Chiral separations

Number of columns Nc 24 6

Column length Lc (m) 1.0 0.1

Column internal diameter Dc (m) 9.5 1.0

Particle radius Rp (×10−3 m) 0.60 0.02

Aspect ratio Dc/Lc ≈10 ≈10

Productivity

(
kg

m3
adsorbent · h

)
120 1–10

Adsorbent capacity

(
kg

m3
adsorbent

)
200 10

Gerhold (1961); using simple fixed bed columns the

solid movement is simulated by a synchronous shift

of all inlet and outlet ports in the direction of the fluid

flow. This simulated solid motion lead to the Simulated

Moving Bed (SMB) concept firstly implemented by

the UOP Inc. in the “Sorbex©R” processes, the very

first successful commercial large-scale SMB units.

Examples from the petrochemical industries are the

“Parex©R” units for the separation of p-xylene from its

isomers on zeolites, the “Molex©R” for the separation

of n-paraffins from branched and cyclic hydrocarbons,

the “Olex©R ” process to separate olefins from parafins.

Examples from sugar industries include the “Sarex©R”

for the separation of fructose from the corn syrup

with dextrose and polysaccharides on polystyrene-

divinylbenzene resins in calcium form. Until the

90 s the major implementation of the SMB technology

continued to be in the petrochemical separation field

with more than 100 industrial plants. The biggest

SMB plant in the world (South Korea) is based on

the “Eluxyl©R ” process (Pavone and Hotier, 2000),

designed by Axens/IFP (Institut Français du Pétrole),

for the separation of p-xylene; it has 24 columns with

more than 9.0 m of i.d. and higher than 1 m.

With the development of HPLC for the prepara-

tive separation of fine chemicals in the earlier 70 s,

smaller stationary phase particles (10 to 40 μm) and

consequently the use of shorter columns operating at

higher pressure were used. Chromatographic processes

became more interesting for the pharmaceutical indus-

try, to meet product purities constraints imposed by the

pharmaceutical and food regulatory organizations Ex-

amples are the separation of enantiomers and active

compounds (enzymes, peptides, antibiotics, etc. . .). in

the biotechnological industry. However, preparative

chromatography has some limitations of dilution and

consequently low productivity values.

The application of the SMB concept to HPLC chro-

matographic separations in the earlier 90 s, led to the

second “boom” on the SMB technology applied now

to the fine chemistry separations (Nicoud, 1999a,b;

Rodrigues and Pais, 2004). The scale is much smaller

than that used in the petrochemical field. Some of the

design as performance parameters are presented in Ta-

ble 1, where it is interesting to note that some design pa-

rameters relations are the same in the “old” and “new”

SMB applications; for example the aspect ratio be-

tween column diameter and column high is roughly 10.

During these last 10 years, the application of

SMB technology to the fine chemistry area, resulted

in a considerable amount of technological and sci-

entific advances, and is now an important research

topic of some academic/industrial groups around the

globe.

All this interest on the SMB technology led to the

formulation of theories, methodologies and new con-

cepts as well as the design of non conventional SMB op-

eration modes, as the introduction of the asynchronous

inlet/outlet ports shift as proposed by Adam et al.

(2000) and Ludemman-Hombouger et al. (2000) on

the Varicol©R technique. Other new ideas are presented

in a latter section (Non-Conventional SMB operating

modes).

The optimization and design of SMB units has also

been addressed in some important publications to the

SMB field. The application of the Equilibrium Theory

(DeVault, 1943; Klein et al., 1967; Tondeur and Klein,

1967; Helfferich, 1967; Helfferich and Klein, 1970;

Rhee et al., 1970) by Storti et al. (1989, 1993), Mazzotti

et al. (1997), Chiang (1998) and Migliorini et al. (2000)

led to the formulation of the “Triangle Theory.” This is

an important methodology in the SMB design field; it

allows one to find a feasible zone where separation is

obtained for both linear or non-linear isotherms. How-

ever, since it is based on the Equilibrium Theory, all

mass transfer effects are ignored. Another methodology

is the “Separation Volume”, introduced by Azevedo

and Rodrigues (1999), Minceva and Rodrigues (2002)
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and Rodrigues and Pais (2004). It is based in a model,

including mass transfer resistances as well as the in-

fluence of the regeneration zones operating parameters

onto the separation performance. Another well known

design methodology is the one introduced by Ma and

Wang (1997), the concept of standing waves, i.e., the

flow rate in each zone can be chosen so that the key

concentration wave (boundary of a solute band) in each

zone migrates at the same speed as the ports. As a result,

all band boundaries, or waves, remain standing with re-

spect to the ports. These theories can be useful for a
priori selection of the operating conditions to achieve

the required separation as well as good starting points

as region constraints to more extensive optimization

procedures. The use of powerful optimization routines

as the commercial package gOPT in gPROMS from

Process system enterprise working with the CVP SS

solver (Control Vector Parameterisation Single Shoot-

ing) used in the two level optimization of a existing

Parex©R unit in Minceva and Rodrigues (2005) or Jump-

ing Gene based algorithms genetic algorithms by Nasat

and Gupta (2003) in the NSGA-II-JG used by Kurup

et al. (2006) and Kim et al. (2003), in the design and

optimization of multicomponent SMB units, allows the

identification of new SMB configurations.

The application of SMB technology to multicom-

ponent separations has also been an important re-

search topic in the last years. The common wisdom

is the simple application of SMB cascades (Wankat,

2001; Kim et al., 2003; Kim and Wankat, 2004),

Nicolaos et al., 2001a, b; nevertheless, there are

some non-conventional operation modes that proved

to have interesting performance, as the pseudo-SMB

in Mata and Rodrigues (2001) and Borges da Silva and

Rodrigues (2006) presented first by Japan Organo Co.

(www.organo.co.jp). The use of 5 zones SMBs (Kim

et al., 2003; Kurup et al., 2006), two different adsor-

bents as in Hashimoto et al. (1993), two different sol-

vents in Balannec and Hotier (1993), or a variation

of the working flow rates during the switching period

(Kearney and Hieb, 1992) were also proposed.

In recent years the control of SMB units has been

investigated (Erdem et al., 2004a). Several reports on

dynamic control strategies include nonlinear control

strategies such as: (a) the input-output linearizing con-

trol, where the controller action is based on a nonlinear

state estimator using the TMB model (Kloppenburg

and Gilles, 1999); (b) repetitive model predictive con-

trol (RMPC) (Natajan and Lee, 2000; Abel et al., 2004;

Erdem et al., 2004b). Also a model based SMB control

where an optimal trajectory calculated off-line should

be followed was proposed by Klatt et al., 2000. A more

recent strategy based on the nonlinear wave propaga-

tion phenomena aims to control the central sections of

the SMB unit by controlling the position of the con-

centration fronts (Schramm et al., 2001). Model pre-

dictive control (MPC) of SMB units (Morari and Lee,

1999) and design on the basis of neural networks (Wang

et al., 2003) should be mentioned.

The combination of a chemical reaction and a

separation process in the same unit leads, in several

cases, to the improvement of reaction efficiency (Silva

and Rodrigues, 2004, 2005; Lode et al., 2001; Kurup

et al., 2005). The Simulated Moving Bed Adsorptive

Reactor (SMBAR), is a continuous reaction/separation

chromatographic process reported in literature. The

esterification from acetic acid and β-phenethyl alcohol

and subsequent separation of the product β-phenetyl

acetate (Kawase et al., 1996), the synthesis and

separation of the methanol from syngas (Kruglov

et al., 1994)), or the diethylacetal synthesis (Silva and

Rodrigues, 2004, 2005) are examples that show the

potential of this technique.

The combination of SMB with other separation tech-

niques, sometimes called as hybrid-SMB is also mat-

ter of interest. The coupling of SMB chromatogra-

phy and crystallization, especially for the separation

of enantiomers has been proposed and discussed in

the literature (Lim et al., 1995; Blehaut and Nicoud,

1998; Lorenz et al., 2001; Strohlein et al., 2003;

Amanullah et al., 2004; Strobe et al., 2004; Kaspereit

et al., 2005; Amanullah and Mazzotti, 2006) among

others).

After more than 40 years of developments and a

new age in the last decade, the SMB appears as a

key technology for chromatographic separations, ap-

plied in different fields as bioseparations (separation

of sugars, desalting and proteins purification), organic

molecules where many separations have been per-

formed but only a few published and in the pharmaceu-

tical field for the separation of enantiomers. A search in

www.google.com for “Simulated Moving Bed” shows

53,700 occurrences compared with 235,000 for “Dis-

tillation Column”, which indicates the relative impor-

tance of the subject. Additionally it is now possible

to find SMB units from several companies with plants

from the laboratory to the industrial scale. For p-xylene

separation examples are UOP (Des Plaines, IL, USA)
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Fig. 1 (a) Schematic

representation of a 4

columns SMB unit

operating over a complete

cycle, from 0 to 4ts (with ts
representing the ports

switch time) and (b) “4

columns length” TMB unit

Parex©R, IFP-Axens’s Eluxyl©R and Toray’s Amorax; for

industrial chiral separations units are mainly from NO-

VASEP, (Pompey, France).

2 Modelling methodologies and operation
principles

2.1 Operating procedure

As already mentioned the SMB modus operandi
(Fig. 1(a)) was inspired in the continuous counter cur-

rent TMB process (Fig. 1(b)), and the equivalence be-

tween the practical and ideal concepts respectively can

be and is indeed usually explored in the modelling field.

From both Fig. 1(a) and (b) it is possible to note

4 different zones, between the inlet and outlet ports.

The zone 1, limited by the desorbent and the extract

ports, is the solid regeneration zone. The separation

zones 2 and 3 are limited by the extract and feed ports,

and feed and raffinate ports, respectively. The more re-

tained species is directed for the extract collection point

while the less retained species is directed to the raffinate

collection point. The zone 4 is the desorbent regenera-

tion zone, located between the raffinate and desorbent

ports.

2.2 Design methodology

It is possible to simulate both the SMB as the TMB

using a more complete model, detailing the particle

diffusion and/or film mass transfer (the detailed parti-

cle model) as stated for reactive systems in Sá Gomes

et al. (2006), or by approximation of the intraparticle

mass transfer rate with the Linear Driving Force (LDF)

model of Glueckauf (1965). This second methodology

proved to be adequate to describe experimental results

and is used by the majority of researchers in the field.

To achieve separation between the two species it

is necessary to define appropriated operating condi-

tions, i.e. the internal flow rates for the fluid phase

and the SMB switch time (representing the equivalent

solid velocity in the TMB model). Usually one oper-

ating parameter combines fluid and solid velocities in

each zone. Examples of similar operating parameters

are the Hashimoto’s β j (Hashimoto et al., 1993), the

γ j established by Ruthven group (Ruthven and Ching,

1989), or the m j from Morbidelli and his co-workers

(Migliorini et al., 2000; Morbidelli and Mazzotti,

2002); in this work γ j , the fluid and solid interstitial

velocities ratio in zone j will be used.

With the TMB model it is possible to solve the

steady state case where model equations are reduced to

a simple ODE system, presenting in fact a reasonable
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Fig. 2 Equilibrium theory

separation and regeneration

for linear isotherms as in

Leão and Rodrigues (2004),

where K∗
i represents the

Henry constant for linear

adsorptions isotherms

agreement with the real SMB unit when a large num-

ber of columns is considered. Nevertheless, the two

modelling strategies are here used: one represents a

true counter-current system (TMB) and is applied in

the simulation of a Parex©R unit of 24 columns and the

other simulates the real SMB system directly in the case

of a chiral separation with 8 columns, and a 5 columns

Varicol©R example. It is also worth noting that the time-

dependence of the boundary conditions in the SMB

model leads to a cyclic steady-state (CSS), instead of a

steady-state achieved for the TMB model.

To recover a more retained species (A) in the extract

stream and a less retained one (B) in the raffinate port,

the operating parameters are set in a way that in the

zone 1 the more retained species is directed upwards,

providing the solid regeneration, in zones 2 and 3 the

species movement is downwards for the more retained

and upwards for the less retained, and for zone 4 the

species movement is with the solid, i.e., downwards for

the less retained species, cleaning the eluent to be recy-

cled. These specifications on the operating parameters

lead to the general constraints:

γ1 >
1 − εb

εb

〈qA1〉
CbA1

1 − εb

εb

〈qB2〉
CbB2

< γ2 <
1 − εb

εb

〈qA2〉
CbA2

1 − εb

εb

〈qB3〉
CbB3

< γ3 <
1 − εb

εb

〈qA3〉
CbA3

γ4 <
1 − εb

εb

〈qB4〉
CbB4

(1a–d)

where Cbi j is the bulk fluid phase concentration of

species i in zone j, 〈qi j 〉 is the average solid concen-

tration of species i in zone j and εb the bed porosity.

The relation
〈qi j〉
Cbi j

can now be treated by one of the two

more common strategies: (a) assuming equilibrium the-

ory where the adsorption equilibrium is established ev-

erywhere at every time resulting in a feasible separation

region formed by the above constraints (1b) and (1c),

which in the case of linear isotherms takes the shape of a

rectangular triangle in the (γ2 × γ3) plane as in Fig. 2, or

a triangle shaped form with rounded lines in non linear

isotherms case; and (b) using the “Separation Volume”

methodology, where all mass transfer resistances are

taken into account (see Fig. 3 for the separation region),

plus the separation/regeneration study is carried for

three different zones (2, 3 and 1) or (2, 3 and 4) allowing

the analysis of solvent consumption or solid recycling.

2.3 Numerical solution

The numerical solutions for the different model equa-

tions were obtained using the gPROMS v3.0.0 a com-

mercial package from Process Systems Enterprise.

The mathematical models are constituted by systems

of PDE (Partial Differential Equations), ODE (Ordi-

nary Differential Equations) and AE (Algebraic Equa-

tions), that were solved by applying one of the dis-

cretization methods available in gPROMS, namely

OCFEM (Orthogonal Collocation on Finite Elements)

with 2 collocation points per element, 50 elements

in each column for the axial coordinate. After the
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Fig. 3 Separation region for linear isotherms in presence of mass

transfer resistances

axial discretization step, the time integration is per-

formed by the ordinary differential equation solver

SRADAU a fully-implicit Runge-Kutta method that

implements a variable time step, the resulting sys-

tem is then solved by the gPROMS BDNSOL (Block

decomposition NonLinear SOLver) www.psenterprise.

com.

2.4 Performance parameters

The performance parameters are: purity, recovery,

desorbent consumption and productivity. The SMB

outlet streams must satisfy purity and recovery

specifications. The definitions of extract purity (PUX,

%), raffinate purity (PUR, %), recovery of species A

in the extract (REX A, %), recovery of species B in the

raffinate (RERB , %), and the unit productivity in terms

of A in the extract (PRA
X ) or species B in raffinate

(PRB
R), that characterize each SMB unit performance

are:

PUX A(%) = C X
bA∑NC

k=1 C X
bk

× 100 (2)

REX A(%) = Q X C X
bA

QF C F
A

× 100 (3)

PRA
X = Q X C X

bA

Vads

= REX A · QF C F
A

Vads

(4)

where QX and QF are the extract and feed flow rates,

respectively and Vads the adsorbent volume. Similar

definitions hold for the raffinate.

3 The “Old” applications to the SMB concept

The SMB technology first appeared in the petrochem-

ical industry and in the sugar industries as the solution

to the so-called difficult separations. An example is

the Parex©R process from UOP, one of the Sorbex©R

processes, for the separation of p-xylene (A) from

its C8 aromatic isomers m-xylene (B), o-xylene (C)

and Ethylbenzene (D) using p-Diethylbenzene as

desorbent (E). Until the introduction of the Parex©R

process, p-xylene was produced by crystallization; the

eutectic composition and slurry solids limitation from

crystallization process allowed recoveries of 60–65%.

The mother liquor, with the unrecovered p-xylene

and the other isomers was sent to an isomerisation

unit where the isomers were re-equilibrated. The

isomerate was then combined with a fresh feed source

and recycled to the crystallizer. The Parex©R process

with p-xylene recoveries of 90–95% providing

significant economic benefits. Over the years several

improvements on the initial Parex©R process were noted

and other processes like Eluxyl©R from Axens/IFP

and Toray’s Aromax appeared being now possible the

recovery of p-xylene at high purity of 99.5% to 99.9%.

3.1 Simulation of a simplified Parex©R unit

The Parex©R unit studied by Minceva and Rodrigues

in several published works (Minceva and Rodrigues,

2002, 2003, 2004b) is here used as case study for an

“old” SMB application. The system according to the

Minceva (2004a) can be well represented by the Lang-

muir Competitive isotherm model as in Eq. (5),

q∗
i j = qmi Ki 〈C pi j 〉

1 + ∑Nc
i=1 Ki 〈C pi j 〉

(5)

where qmi is the adsorbed phase saturation concentra-

tion of component i and Ki the Langmuir adsorption

constant for species i and q∗
i j is the adsorbed phase

concentration of component i in zone j in equilibrium

with the average pore concentration 〈Cpi j 〉. The adsorp-

tion equilibrium data of the single p-xylene, o-xylene

and ethylbenzene on Ba exchanged faujasite zeolite in

liquid phase at 180◦C and 9 bar was determined experi-

mentally in a batch mode as in Minceva and Rodrigues

(2004b). The adsorption parameters for m-xylene are

similar to those for o-xylene in this type of zeolites
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Table 2 Parameters of

Langmuir adsorption

equilibrium isotherms

Component Ki (m3 · kg−1) qmi (kg · kg−1
adsorbent)

(A) p-xylene 1.9409 0.1024

(B) m-xylene 0.8884 0.0917

(C) o-xylene 0.8884 0.0917

(D) ethylbenzene 1.0263 0.0966

(E) p-diethylbenzene 1.2000 0.1010

Table 3 Parex©R unit characteristics and model parameters

Model parameters SMB columns

Pe j = 1000 Nc = 24 n j = [6 9 6 3]

εb = 0.387; εp = 0.37 Lc = 1.135 m

Rp = 0.031 cm Dc = 4.117 m

SMB operating conditions

ρp = 1.480 g·cm−3

ρ f (A,B,C,D,E) = 0.724 g·cm−3 C F
A = 23.6 wt%; C F

B = 49.7 wt%

C F
C = 12.7 wt%; C F

D = 14.0 wt%

CDesorbent
E = 100.0 wt%

kLDF(A,B,C,D)
= 8.1 min−1; kLDF(E)

= 6.8 min−1 ts = 1.15 min;

QDesorbent = 133.657 m3·h−1; QExtract = 95.250 m3·h−1;

QFeed = 90.000 m3·h−1; QRaffinate = 128.407 m3·h−1;

Q1
∗= 658.486 m3·h−1

Table 4 Parex©R SMB and equivalent TMB zone operating conditions

Real SMB Equivalent TMB

γ ∗
j =[2.158 1.846 2.141 1.720] γ j = [1.158 0.846 1.141 0.720]

Q∗
j = [658.486 563.236 653.236 524.829] m3· h−1 Q j = [353.412 258.162 348.162 219.756] m3·h−1

Qs = 483.238 m3·h−1

according to Santacesaria et al. (1982). The p-DEB

isotherm was taken from Minceva (2004a); all adsorp-

tion equilibrium parameters are presented in Table 2.

The SMB unit operating conditions and model pa-

rameters are presented in Tables 3 and 4, where the

density of the liquid (fluid phase), ρ f , is considered

to be constant and similar to the density value for the

p-diethylbenzene (724 kg·m−3) at 180 ◦C and 9 bar as

well as constant apparent solid density ρp.

When a large number of columns is present it is wise

to use the equivalent TMB model as an approximation

to the SMB unit; therefore, this approach will be used

with a LDF approximation for the intraparticle mass

transfer rate.

The analogy between SMB and the TMB is possi-

ble by the introduction of the relative velocity concept

u∗
j = u j + us , where u j is the fluid interstitial velocity

in the TMB model and u∗
j the interstitial velocity in

the SMB unit and us , the solid velocity in the TMB.

The solid velocity is evaluated from the switch time

interval value ts in the SMB as us = Lc
ts

. The internal

flow-rates in both models are not the same, but related

by Q∗
j = Q j + εb Vc

ts
, where Q∗

j and Q j represent the

internal liquid flow-rates in the SMB and TMB, respec-

tively and Vc the column volume. For the TMB model

the nodes balances are in Table 5, with C F
i the species

i feed inlet concentration, and CDesorbent
i the species i

desorbent concentration inlet. The model is formulated

considering a convective fluid movement with axial dis-

persion, with counter current solid plug flow, negligi-

ble thermal effects, constant values for the bed void

fraction εb and particle porosity ε p, axial dispersion

coefficient Dbj , particle radius Rp, constant values for

the flow rates/interstitial velocities in each zone, and
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Table 5 TMB nodes

balances
j = 1: Cbi(4,x=1) = u1

u4
Cbi(1,x=0) − uDesorbent

u4
CDesorbent

i (6a) u1 = u4 + uDesorbent (7a)

j = 2,4: Cbi( j−1,x=1) = Cbi( j,x=0) (6b) u2 = u1 − uExtract (7b)

j = 3: Cbi(2,x=1) = u3

u2
Cbi(3,x=0) − uFeed

u2
C F

i (6c) u3 = u2 + uFeed (7c)

u4 = u3 − uRaffinate (7d)

Table 6 TMB model

equations with LDF

approach

i. In a volume element of the bulk fluid phase,
∂Cbi j

∂θ
= γ j

n j

{
1

Pe j

∂2Cbi j

∂x2 − ∂Cbi j

∂x − (1−εb)

εb
kpi j

(
Cbi j − 〈

C pi j
〉)}

(8)

ii. and for the adsorbent phase,

ρp
∂qi j

∂θ
+ εp

∂〈C pi j〉
∂θ

= 1
n j

[
ρp

∂qi j

∂x + εp
∂〈C pi j〉

∂x

]
+ γ j

n j
k pi j

(
Cbi j − 〈

C pi j
〉)

(9)

with the initial conditions and the Danckwerts (1953) boundary conditions,

previously mentioned in Langmuir’s work (1908),

•
⎧⎨⎩

Cbi j (x, 0) = 0;〈
C pi j (x, 0)

〉 = 0;

qi j (x, 0) = 0;

(10)

• x = 0: Cbi( j,x=0) = Cbi j (0, θ ) − 1
Pe j

∂Cbi j

∂x

∣∣∣
x=0

(11a)

• x = 1:
∂Cbi j

∂x

∣∣∣
x=1

= 0 (11b)

• x = 1

{ 〈
C pi( j,x=1)

〉 = 〈
C pi( j+1,x=0)

〉〈
C pi(4,x=1)

〉 = 〈
C pi(1,x=0)

〉 , for j = 1,2,3; (12a)

• x = 1

{
qi( j,x=1) = qi( j+1,x=0)

qi(4,x=1) = qi(1,x=0)

, for j = 1,2,3; (12b)

plus the multicomponent adsorption isotherms

qi j = fi
(〈

C pi j
〉
,
〈
C pkj

〉)
with k �= i and for all species i and in zone j (13)

in this case as Eq. (5).

also negligible pressure drop, leading to the model as

in Table 6.

In the model equations 〈C pi j 〉 and qi j are the average

concentration of species i in the pores and the adsorbent

phase concentration, respectively; θ = t
ts

is the dimen-

sionless time normalised by the SMB ports switch time

ts , x = z
L j

the dimensionless column axial coordinate

with respect to the length of zone j, L j = Lcn j ;γ j = u j

us

the ratio between fluid and solid interstitial velocities,

Pe j = u j L j

Dbj
the Peclet number, with t j = L j

u j
the fluid

phase space time; and kpi j = kLDF · t j the number of in-

traparticle mass transfer units, based on the LDF mass

transfer coefficient kLDF.

The steady state solution, in terms of liquid phase

bulk concentration profiles, is presented in Fig. 4, with

p-xylene purity in the extract of 99.84%, recovery

99.26% and productivity of 68.7
kgp−xylene

h·m3
adsorbent

. These values

were obtained for a simplified Parex©R unit; a real UOP

Parex©R unit includes flushing in and flushing out lines,

and therefore the performance parameters are differ-

ent from those simulated here, Minceva and Rodrigues

(2003).
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Fig. 4 Steady-state liquid phase Parex©R concentration profiles

3.2 Methodology for a two level optimization

of a Parex©R unit

The SMB optimization field can be classified with

relation to 3 categories: (i) the number of objective

functions; (ii) the type of the objective functions;
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SMB unit design 
ts

γ10; Δγ1; k=0 

γ40; Δγ4; m=0

γ1=γ10 +k Δγ1

Optimize  

PRMax (       )  

Subject to:  

>PUX
>REX

γ4=γ40 +m Δγ4

Feasible maximum found ? 
YES 

m=m+1

NO 

k=k+1

STEP 1 

Select pairs 
(γ2 ,γ3)

from the results of 
step 1 

Optimize  

min (                                 )  

Subject to:  

>PUX
>REX

Feed

Eluent

CA
FQ

Q
DC =

STEP 2 

PUXmin

REXmin

PUXmin

REXmin

Fig. 5 Two-Level optimization of a Parex©R unit, adapted from Minceva and Rodrigues (2005)

(iii) optimization of a new or an already existing

SMB unit (only optimization of the operating pa-

rameters). Taking into account the number of objec-

tive functions, problems can be considered as single-

objective or multiple-objective optimization. In the

case of multiple-objective optimization a global opti-

mum may not exist; there is a possibility of an entire set

of optimal solutions that are equally good, the so-called

Pareto Optimal Solutions.

As for the objective functions two main cases can be

considered: (i) performance parameters (productivity,

adsorbent requirements or desorbent/eluent consump-

tion); (ii) separation cost. In the case (i) with optimiza-

tion each objective function can lead to a different op-

timum solution; therefore a multi-objective functions

procedure should be considered, as for case (ii) all

those different performance parameters could be ho-

mogenized/normalized by the separation cost, where

separation problem independent costs (wages, labour,

maintenance, etc.) and the separation cost dependent

costs (adsorbent, plant, desorbent/eluent consumption,

desorbent/eluent recycling, feed losses, etc.) are taken

into account, and the weight given to each factor is of

importance and some times difficult to characterize.

In this work the example of a two-level optimiza-

tion procedure to an already existing Parex©R unit is

presented (Minceva and Rodrigues, 2005); a detailed

state of the art of SMB optimization can be found in

that reference.

The base algorithm can be described as in Fig. 5,

where it is shown that for a first set of γ 1 and γ 4 pa-

rameters the gPROMS gOPT is used to find the best

productivity solutions by changing the separation zone

operating parameters, γ 2 and γ 3, that meet PUX and

REX constraints. The second step is the minimization

of desorbent consumption working now with the zone

1 and 4 operating parameters, γ 1 and γ 4; for each se-

lected pairs of γ 2 and γ 3 obtained from the first step

the optimum values of γ 1 and γ 4 are found.

4 The “New” applications to the SMB concept

A well known example for a “new” SMB applica-

tion is the separation of racemic mixtures of chiral

drugs in the pharmaceutical industry. Many chiral drugs

are produced as a 50–50% mixture of the two enan-

tiomers, the racemate. The problem is that those two

enantiomers can often have different biological activ-

ity. Therefore, it becomes important the separation of

the target isomer from the other that can be inactive

or have an adverse effect. There are two different ap-

proaches to obtain pure enantiomers compounds: (a)

preparing the racemic material and then the separation
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Table 7 SMB unit

characteristics and model

parameters

Model Parameters SMB Columns

Pec = 1000 Nc = 8 n j = [2 2 2 2]

εb=0.4; Lc = 9.9×10−2 m

Rp = 2.25 × 10−5 m Dc = 2.6×10−2 m

Classic SMB Operating Conditions

kLDF = 0.33 s−1 CA
F = 5 g·l−1; CB

F = 5 g·l−1

ts = 198 s;

QEluent = 12.038 ml·min−1; QExtract = 8.990 ml·min−1;

QFeed = 0.956 ml·min−1; QRaffinate = 4.004 ml·min−1;

Q4 = 21.800 ml·min−1.

Table 8 Classic SMB and equivalent TMB zone operating conditions

Real SMB Equivalent TMB

γ ∗
j = [5.311 3.900 4.050 3.422] γ j = [4.311 2.900 3.050 2.422]

Q∗
j = [33.838 24.848 25.804 21.800] ml·min−1 Q j = [27.467 18.477 19.433 15.429] ml·min−1

Qs = 9.557 ml·min−1

Table 9 SMB nodes

balances j = 1: Cbi(4,x=1) = u∗
1

u∗
4

Cbi(1,x=0) (14a) u∗
1 = u∗

4 + uEluent (15a)

j = 2,4: Cbi( j−1,x=1) = Cbi( j,x=0) (14b) u∗
2 = u∗

1 − uExtract (15b)

u∗
3 = u∗

2 + uFeed (15c)

j = 3: Cbi(2,x=1) = u∗
3

u∗
2

Cbi(3,x=0) − uFeed

u∗
2

C F
i (14c) u∗

4 = u∗
3 − uRaffinate (15d)

or (b) asymmetric synthesis of the target enantiomer.

The second approach has been widely used; neverthe-

less, the number of stages and the cost of all enan-

tiomeric reagents needed would decrease the econom-

ical benefits and therefore the separation of racemate

performed by SMB technology is attractive.

The case study here presented is the same as in

Rodrigues and Pais (2004), considering the chro-

matographic resolution of a racemic mixture of

chiral epoxide enantiomers (Sandoz Pharma, Basel,

Switzerland), with microcrystalline cellulose triacetate

particles (Merck, Darmstadt, Germany) with 45 μm

diameter as chiral stationary phase, and pure methanol

as eluent. The adsorption equilibrium isotherms

measured at 25◦C and represented by the linear plus

Langmuir competitive model in terms of retained

concentration in the particles are:

q∗
Aj = 1.35CbAj + 7.32 · 0.163CbAj

1 + 0.163CbAj + 0.087CbB j

q∗
B j = 1.35CbB j + 7.32 · 0.087CbB j

1 + 0.163CbAj + 0.087CbB j

with q∗
i j in g · l−1

adsorbent and Cbi j in g · l−1.

The ratio of interstitial velocities in SMB or TMB

(γ ∗
j or γ j ) for zones 1 and 4 were kept constant and

far from the critical values for total solid and elu-

ent regeneration, respectively given by the equilibrium

theory. For the zones 2 and 3 the interstitial velocity

ratios were taken from the analysis presented by Ro-

drigues and Pais based on the (γ3 × γ2) separation re-

gion for a 99.0% purity criterion with mass transfer

coefficient of kLDF = 0.33 s−1; a summary of operat-

ing conditions and model parameters is presented in

Tables 7 and 8.

This separation is performed with a SMB unit of

8 columns and therefore for simulation purposes the

SMB model will be used. In the real SMB model each

column plays different functions during a whole cy-

cle, depending on its location. After each switch time

ts the boundary conditions for each column are syn-

chronously changed, respecting always the nodes mass

balances as shown in Table 9, where u∗
j is the intersti-

tial velocity in the zone j of the SMB. The SMB model

is formulated considering a convective fluid movement

with axial dispersion, negligible thermal effects, con-

stant values for the bed void fraction εb, axial dispersion

coefficient Dbj , particle radius Rp, constant values for

the flow rates/interstitial velocities in each zone, and
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Table 10 SMB model

equations with LDF

approach

i. In a volume element of the bulk fluid phase,

∂Cbic
∂θ

= γ ∗
j

{
1

Pec

∂2Cbic
∂x∗2 − ∂Cbic

∂x∗

}
− (1−εb)

εb
k∗

pic

(
q∗

ic − 〈qic〉
)

(16)

ii. in the “adsorbent–phase”,
∂〈qi j 〉

∂θ
= k∗

pic

(
q∗

ic − 〈qic〉
)

(17)

with the respective initial and boundary conditions,

•
{

Cbic (x∗, 0) = 0;

〈qic (x∗, 0)〉 = 0;
(18)

• x∗ = 0: Cbi(c,x∗=0) = Cbi (0, θ ) − 1
Pec

∂Cbic
∂x∗

∣∣∣
x∗=0

(19a)

• x∗ = 1: ∂Cbic
∂x∗

∣∣∣
x∗=1

= 0 (19b)

and the adsorption equilibrium isotherm as defined in Eq. (13):

also negligible pressure drop. Therefore transient mass

balances are performed to each species i in each column

c, as in Table 10.

Now x∗ = z
Lc

is the dimensionless column axial co-

ordinate with respect to the column length Lc; 〈qic〉
the average adsorbed phase concentration of species i;

γ ∗
j = u∗

j

us
the ratio between fluid and equivalent solid

interstitial velocities in SMB model, Pe∗
c = u∗

j Lc

Dbj
Peclet

number, and k∗
pic

= kLDF · ts the number of intraparticle

mass transfer units.

Figure 6(a) and (b) show the concentration histories

for extract and raffinate respectively, until the CSS is

reached. In Fig. 7(a) and (b) the detailed histories over

a switch time period are shown for both species in the

extract and raffinate at CSS.

The purity of species A in the extract of 99.10%

and the purity of B in the raffinate is 100.00%. The

recovery of A in extract is 100.00% and the recovery

of B in the raffinate is 99.10%. The productivity is 0.568
kgA

h·m3
adsorbent

and 0.563
kgB

h·m3
adsorbent

. The productivity in chiral
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Fig. 6 Concentration history CbA in the extract (a) and CbB in the raffinate (b)
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Fig. 7 Concentration histories in the extract (a) and raffinate (b) during a switch time at CSS
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Fig. 8 Varicol©R [1–1.5–1.5–1] scheme, in terms of standard

SMB units [1–1–2–1] during the first half of time switch and

[1–2–1–1] during the second half of time switch

separations is much lower than in the “old” Parex©R

application; this is mainly a result of lower adsorbent

capacity of chiral packing.

5 Non conventional SMB operating modes

Until now it has only been considered the operation of

the standard SMB, where each zone has a fixed num-

ber of columns, and there is no variation on the pre-

established inlet/outlet flowrates and switching time.

In the last years some “non-conventional” SMB oper-

ating modes were proposed providing more flexibility

in the design and more efficient units.

5.1 Asynchronous SMB, the Varicol©R process

The Varicol©R process (Adam et al., 2000 and

Ludemman-Hombouger et al., 2000), became one of

the more studied and used processes of the so-called

non-conventional SMB; instead of a fixed unit con-

figuration, with constant zones length, the Varicol©R

operation mode provides a flexible use of columns,

by the implementation of asynchronous inlet/outlet

ports shift. As illustrated in Fig. 8, for the 5 columns

[1 1.5 1.5 1] Varicol©R (following the Ludemman-

Hombouger et al. (2000) notation [NC1 NC2 NC3 NC4]

where NC j is the average number of columns contained

in zone j during a switch time period), the 2nd and 3rd

zones have variable length since the interior column is

half of the time switch being used as a 3rd zone col-

umn and the remaining time as a 2nd zone column. The

methodology can be applied to all zones, both in the

separation and regeneration zones.

The Varicol©R operation mode presented in this work,

based in Pais and Rodrigues (2003), is designed for the
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Table 11 SMB unit

characteristics and

parameters

Model parameters SMB columns

Pec = 1600 Nc = 5 [1 1.5 1.5 1]

εb = 0.4; ε p = 0.45 Lc = 15.84×10−2 m

Rp = 2.25×10−5 m Dc = 2.6×10−2 m

SMB operating conditions

CA
F=5 kg·m−3; CB

F = 5 kg·m−3

kLDF = 0.4 s−1 ts = 317 s; Qs = 0.159 × 10−6 m3·s−1

QEluent = 0.417×10−6 m3·s−1; QExtract = 0.289 × 10−6 m3·s−1;

QFeed = 0.011 × 10−6 m3·s−1; QRaffinate = 0.139 × 10−6 m3·s−1;

Q4 = 0.296 ×10−6 m3·s−1.

Table 12 SMB and

equivalent TMB zone

operating conditions

Real SMB Equivalent TMB

γ ∗
j =[6.722 4.000 4.100 2.793] γ j =[5.722 3.000 3.100 1.793]

Q∗
j =[0.713 0.424 0.435 0.296]×10−6 m3·s−1 Q j = [0.607 0.318 0.329 0.190] ×10−6 m3·s−1

Qs = 0.159 × 10−6 m3·s−1

same chiral resolution already presented, and numeri-

cally solved using the same SMB model with LDF ap-

proach, for a small number of columns, 5. The modus
operandi is shown in Fig. 8 and the operating param-

eters and unit characteristics are given in Tables 11

and 12.

Simulation results of the Varicol©R unit using the

SMB model with LDF approach are presented in

Fig. 9(a) and (b). Purity of A in the extract is 99.62%

and the purity of B in the raffinate is 99.98%.

Recoveries of A and B are 99.98% and 99.63%,

respectively and productivities are 0.75
kgA

h·m3
adsorbent

and

0.75
kgB

h·m3
adsorbent

.

As can be observed this operation mode is able to com-

pete with standard SMB units; it shows higher pro-

ductivity and the same purities and recovery perfor-

mance. Pais and Rodrigues (2003) compared the [1 1.5

1.5 1] Varicol©R unit here presented with various SMB

configurations [1 2 1 1], [1 1 2 1] and [1 2 2 1]; the

5-column Varicol©R performance was comparable with

the standard 6 columns SMB and better than that of the

5 columns SMB .

5.2 Non-conventional SMB operating modes

The modulation of the feed flow rate was proposed by

Morbidelli and Mazzotti (2002) and Zhang et al. (2003)

in their PowerFeed technique and the variable feed con-

centration was suggested by Schramm et al. (2002) and

(2003) in the Modicon operation mode. These operat-

ing modes provide more degrees of freedom than the

classical SMB process and allow more room for opti-

mization.

Another interesting non-conventional SMB operat-

ing modes are: the M3C process patented by Bailly

et al. (2004), Abdelmoumen et al. (2006), here called

as Enriched Extract operation (EE-SMB) (Paredes

et al., 2006), in which a portion of the extract product

is concentrated and then re-injected into the SMB at

the same collection point; the semicontinous two-zone

SMB/chromatography as in Hur and Wankat (2005)

and (2006); and One-column Chromatograph with re-

cycle analogous to a four-zone SMB as in Abunasser

et al., (2003) or in Araújo et al., (2006).

Recently, the introduction of multi feed streams in

the SMB area by analogy with distillation columns,

led to the formulation of the MF (MultiFeed) operating

mode presented by Kim et al. (2005) and Sá Gomes

and Rodrigues (2006). This technique combined with

the distillation know-how for the optimum location of

multiple feeds, allows the development of new SMB

processes.

Another non-conventional SMB is the Outlet Swing

Stream-SMB operation mode presented by Sá Gomes

and Rodrigues (2006), where the more and less retained

species are collected in the extract and raffinate ports

non-continuously, i.e. during a part of the time switch

the more retained species is collected in the extract

while the raffinate flow rate is decreased leading to the

violation of the equilibrium theory constraints on zone

4; in the rest of the period the opposite procedure is
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Fig. 9 Varicol©R concentration history CbA in the extract (a) and CbB in the raffinate (b)

performed. This operation mode leads to expansion and

contraction of the collection and contaminating fronts

increasing the distance between them.

In the multicomponent separation field it is quite in-

teresting the operation mode introduced by the Japan

Organo Co. with the JO process or Pseudo-SMB, dis-

cussed in Mata and Rodrigues (2001), Borges da Silva

and Rodrigues (2006) and Kurup et al. (2006). The pro-

cess is characterized by a 2-steps operation: (a) in the

first step the feed is introduced while the intermediary

product is recovered with the whole unit working as a

fixed bed; (b) during the second step the feed stopped,

the unit works as a standard SMB and the less and more

retained products are collected.

6 Conclusions

Different applications of the SMB concept here consid-

ered as “old” and “new” were presented. The example

of a Sorbex©R UOP unit (Parex©R unit for the separation

of p-xylene from its C8 isomers), was used to better de-

scribe an “old” application of the SMB technology in

the petrochemical field, modelled by a TMB plus LDF

approach; the use of new optimization packages in the

design/optimization of SMB units was also shown. The

“new” SMB application in the pharmaceutical area was

illustrated with a chiral resolution; a comparison be-

tween standard SMB and non-conventional operating

mode Varicol©R, both modelled by the SMB model was

presented.

“Old” applications are characterized by high val-

ues of productivity in large units with high number of

columns, while the “new” applications show low pro-

ductivities and much lower scale. There is room to im-

prove “new” applications mainly in the development

of new adsorbents with higher capacity. Interesting to

note is that column aspect ratio diameter/length remain

the same in both applications. New non-conventional

techniques and new design/optimization methodolo-

gies applied to both “old” and “new” applications can

lead to more efficient units contributing to the rele-

vance of SMB in the area of separation science and

technology.

7 Nomenclature

Cb bulk fluid phase concentration (mol · m−3)

〈Cp〉 pores particle average concentration

(mol·m−3)

CEluent/

CDesorbent eluent/desorbent inlet concentration

(mol·m−3)
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CF feed concentration (mol·m−3)

Db axial dispersion coefficient (m2·s−1)

Dc Column diameter (m)

K Langmuir adsorption equilibrium

constant (m3·kg−1)

K∗ Linear adsorption equilibrium constant

(Henry constant)

kLDF LDF mass transfer coefficient (s−1)

kp number of intraparticle mass transfer

units

Lc column axial length (m)

L j zone axial length (m)

NC number of species

Nc number of columns

n j number of columns per zone

PUX purity in the extract current (%)

PUR purity in the raffinate current (%)

Pe Peclet number

PR unit productivity (g·(s m · 3
adsorbent)

−1)

Q fluid/solid flowrate (m3·s−1)

q∗ equilibrium solid retained concentration

(mol · m−3
adsorbent)

q adsorbed concentration (mol · m−3
adsorbent)

〈q〉 average adsorbent phase concentration

(mol m−3
adsorbent)

qmi maximum adsorbed phase concentration

(kg · kg−1
adsorbent)

REX recovery in the extract (%)

RER recovery in the raffinate (%)

Rp particle radius (m)

t time variable (s)

t j bulk fluid space time (s)

ts switch time (s)

u j interstitial fluid velocity in a

TMB/SMB zone (m · s−1)

us solid interstitial counter-current

velocity (m · s−1)

x dimensionless axial coordinate

z axial coordinate (m)

Greek letters
γ ration between fluid and solid

interstitial velocities

εb bed porosity

ε p particle porosity

ρ p apparent solid density (kg · m−3)

ρ f fluid (liquid) density (kg · m−3)

θ dimensionless time coordinate

Indexes
∗ in the SMB model

A p-xylene in the Parex©R example
B m-xylene in the Parex©R example
C o-xylene in the Parex©R example
D ethylbenzene in the Parex©R

example
E p-diethylbenzene in the Parex©R

example
A more retained species in the

chiral separation examples
B less retained species in the

chiral separation examples
b bulk

c column

p particle

s solid

i chemical species

j SMB/TMB zone

Eluent eluent stream

Desorbent desorbent stream

Feed feed stream

Raffinate raffinate stream

Extract extract stream

Abbreviations
AE, Algebraic equations

CSS, Cyclic Steady State

DAE, Differential-Algebraic

Equations

LDF, Linear Driving Force

OCFEM, Orthogonal Collocation in

Finite Elements Method

ODE, Ordinary Differential Equations

PDAE, Partial Differential Algebraic

Equations

PDE, Partial Differential Equations

SMB, Simulated Moving Bed

TMB, True Moving Bed

OSS, Outlet Streams Swing

MF, MultiFeed
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