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Outlet Stream Swing Simulated Moving Bed: Separation and
Regeneration Regions Analysis

Pedro Sá Gomes1 and Alı́rio E. Rodrigues2
1CAT Catalytic Center, ITMC, RWTH Aachen University, Aachen, Germany
2Laboratory of Separation and Reaction Engineering, Associate Laboratory LSRE=LCM,
Department of Chemical Engineering, Faculty of Engineering, University of Porto, Porto, Portugal

In this work, the Outlet Stream Swing (OSS) non-conventional
operation technique is compared with a classical Simulated Moving
Bed (SMB) unit, for the separation of a racemic mixture of guaife-
nesin. A methodic approach, based on the complete separation and
regeneration regions, is used to evaluate the performance of the
OSS extract-raffinate, as well as the OSS raffinate-extract, operat-
ing strategies with the classical SMB in terms of purity, productivity
and eluent consumption requirements. The variants of the OSS tech-
nique: OSS extract-0 and OSS raffinate-0 are presented, simulated,
and used not only to introduce more simplistic OSS modes of oper-
ation, but also to better understand the influence of specific OSS
operating parameters. The experimental validation of OSS
extract-0, operated by means of the FlexSMB-LSRE1 unit, is also
presented as part of this work, demonstrating the potential, as lim-
itations, of such operating techniques.

Keywords Chiralpak AD; FlexSMB-LSRE1; guaifenesin; OSS;
Outlet Stream Swing; Simulated Moving Bed; SMB

INTRODUCTION

The Simulated Moving Bed (SMB) is an original separ-
ation technique which appeared to solve several of the pro-
blems associated with solid phase motion (particle attrition
and wall abrasion, particle size redistribution, increase in
pressure drop), usually observed when operating under
the continuous countercurrent adsorptive separation pro-
cesses, the so-called True Moving Bed (TMB). The origins
of SMB can be traced back to the early 1960s, and its first
relevant industrial implementation to the Sorbex1 pro-
cesses by Universal Oil Products-USA (1,2). Since its intro-
duction, the SMB technology has been successfully applied,
first to various large petrochemical separations, such as:
the p-xylene separation from its C8 isomers (with 88 Parex

units licensed by UOP LLC-USA since 1971, ranging
from 21 to 1600 kton � year�1 of p-xylene; 8 Eluxyl units
licensed by Axens (IFP)-France since 1995, with capacities
ranging from 180 to 750 kton � year�1; 2 Aromax units
licensed by Toray Industries Inc.-Japan since 1973, with
a range of about 200 kton � year�1); n-paraffins from
branched and cyclic hydrocarbons (with 28 Molex units
licensed by UOP LLC-USA); the sugar processing industry
(Sarex process by UOP LLC-USA; more than 90 SMB and
Improved-SMB plants by FAST - ‘‘Finnsugar Applexion
Separation Technology’’, now Novasep-France; and
Amalgamated Sugar Co.-USA) and later, in the pharma-
ceutical and fine chemical industries (with more than
50 units currently installed, mainly by Novasep-France,
Knauer GmbH-Germany, Bayer BTS-Germany, SepTor
Technologies BV-Netherlands part of Outotec Oyj-
Finland, and ChromaCon AG-Switzerland) (3–6).

This late demand on the SMB technique, directly linked
to a considerable research effort, led to the formulation of
quite different operation modes since the original patent, as
reviewed elsewhere (4,7). From these so-called non-conven-
tional operating strategies, one can emphasize those based
in the periodic modulation of inlet=outlet streams flow
rates, such as:

� the Partial-Feed (8,9), in which the inlet feed flow
rate varies along the time compensated by the raf-
finate flow rate; or in the limit, by varying all inter-
nal flow rates, the PowerFeed (10–13);

� the Partial-Discard (or partial withdraw) (9,14),
performed by a partial collection in the extract
and=or raffinate streams; the fraction that has
not been ‘‘collected’’ can be recycled back to the
feed after a possible concentration step (3,15);

� the ISMB (Improved, also called intermittent,
SMB) mode of operating, commercialized by the
Nippon Rensui Co. (Tokyo, Japan) (16), with
two different stages: a first step, where the unit is
operated as a conventional SMB but without
any flow in section IV; and in the second step,
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where the inlet and outlet ports are closed and the
internal flow through the four sections allowing
the concentration profiles to move to adjust their
relative position with respect to the outlet ports
(7,17).

A considerable performance improvement has been
noted by the application of such techniques. However,
while the partial feed strategy has been considerably stud-
ied over time, resulting in significant productivity improve-
ments, the analysis of a similar eluent=desorbent flow rate
variation has not been particularly addressed.

Based on this statement, and in part inspired on the par-
tial discard as ISMB techniques, a new operation technique
was introduced before: the Outlet Streams Swing (OSS)
(18,19). This operating mode assumes that both the extract
and the raffinate flow rates can be varied over time, but
keeping the same overall operating parameters, i.e., the
average section flow rates over a switching time period
are the same as in a classic SMB. In this way, a reduction
(or closure) of the extract, or raffinate flow rate over an
initial fraction of the switching time is then compensated
by an increase of this same flow rate over the remaining
part of the switching time period, or vice-versa. The tech-
nique can be employed varying both the extract and raffin-
ate flow rates at the same time, operating with extract high
and raffinate low flow rates, during the first fraction of the
switching time period, followed by extract low and raffin-
ate high flow rates (Fig. 1), or vice-versa (Fig. 2).

From both strategies shown in Figs. 1 and 2, one can
observe that section II (between the extract and feed ports)
and section III (between the feed and raffinate ports) do
not suffer any changes over time (are maintained at con-
stant flow rates) and thus, the eluent=desorbent flow rate
fluctuate to amortize the effect of extract or raffinate flow
rate variations, a sort of ‘‘partial eluent’’ strategy. In fact,
only section I (between the eluent and extract ports) and

section IV (limited by the raffinate and eluent ports) suffer
the flow rates variations. Considering that each step is per-
formed for 50% of the switching time the name 50–50%
OSS extract-raffinate is given for the strategy in Fig. 1
and 50–50% OSS raffinate–extract for the operating
scheme in Fig. 2.

In this work, the potential of such technique is demon-
strated by means of detailed analysis to its respective separ-
ation and regeneration regions, applied here to the
resolution of a racemic mixture of guaifenesin enantiomers.
Different variants of this technique are also presented,
simulated, and analyzed, concluding with its experimental
validation.

THEORETICAL SECTION

Case Study

The resolution of guaifenesin enantiomers by means of
Chiralpak AD (amylose tris-(3,5 dimethylphenylcarba-
mate coated onto 20 mm silica-gel, provided by Chiral
Technologies Europe-France), with a n-heptane=ethanol
mixture at 85=15 in volumetric percentage as mobile
phase, was chosen as a case study for this work. The
information related to this system adsorption equilibrium
was determined by frontal analysis at a preparative scale
and fitted by a Langmuir type isotherm as presented else-
where (20).

qeqi ¼ qmKiCpi

1þ
P2

l¼1 KlCpl

ð1Þ

where, Cpi , is the i component particle average pore concen-

tration in g � l�1; qeqi , is the adsorbed phase concentration in

g � l�1
cat in equilibrium with the average pore concentration;

qm, is the total adsorbent capacity in g � l�1
cat and Ki, the

adsorption isotherm parameters in l � g�1. The fitting

FIG. 1. OSS extract-raffinate strategy, (a) the first fraction of the switch-

ing time, (b) the remaining part of the switching time period, equivalent

TMB scheme (adapted (18)).

FIG. 2. OSS raffinate-extract strategy, (a) the first fraction of the switch-

ing time, (b) the remaining part of the switching time period, equivalent

TMB scheme (adapted (18)).
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parameters, obtained by the Levenberg-Marquardt algor-
ithm, are presented in Table 1.

The mass transfer resistances for this system was repre-
sented by the internal mass transfer coefficient, kinti ,
obtained by means of a Linear Driving Force (LDF)

approximation, kinti ¼
5epDmi

srp
(21); with, Dmi

, as the free mol-

ecular diffusivity and s, the particle tortuosity factor, calcu-

lated from the approximation s ¼ ð2�epÞ2
ep

; with ep the particle

porosity and rp the particle radius. The solute molecular dif-
fusivity was estimated by the Wilke–Chang (22) equation
extended to mixed solvents by Perkins and Geankoplis

(23) Dmi
¼ 7:4� 10�8T

ffiffiffiffiffiffi
/M

p
lV 0:6

mi

; where T represents the absol-

ute temperature; l the mobile phase viscosity, evaluated
according to Teja and Rice (24) method for the liquid
mixture; Vmi

is the adsorbate molar volume at its normal
boiling temperature estimated by the Le Bas method; and
/M was obtained from /M¼ xA/AMAþ xB/BMB, where
xi are the molar fractions, Mi the molar masses, and /i

are the association factors constants which account for
the solute-solvent interactions. The molecular diffusivity
was assumed to be the same for both enantiomers, and thus,

the internal mass transfer coefficient, kinti ¼ 0:20cm �min�1,
equal for both enantiomers (20).

Modeling and Design Strategies

One can argue that an SMB unit is no more than the
practical implementation of the continuous countercurrent
TMB process. Consequently, the equivalence between the
TMB and a hypothetical SMB with an infinite number of
columns can be used in the modeling and design of real
SMB units (6). However, modeling an SMB unit by means
of the model of its equivalent TMB unit, will just present a
reasonable agreement with the real unit when a large num-
ber of columns per section are considered. Since this is not
the case of this work, one will model the SMB unit by means
of a discontinuous approach, considering a sequence of
columns, described by the usual system equations for an
adsorptive fixed bed (each column k), which inlets change
over time, modeling in this way the real ports shift.

The SMB model approach, used to simulate this parti-
cular separation, relies on the LDF approximation men-
tioned before, set in terms of fluid phase concentration

ðCbi;k � Cpi;k Þ.

Mass Balances

Obtained by performing a mass balance to a volume
element of the column k,

@Cbi;k

@t
¼ Dbk

@2Cbi;k

@z2
� u�j

@Cbi;k

@z
� ð1� ebÞ

eb

3

rp
kintiðCbi;k � Cpi;k Þ

ð2Þ

and similarly for the particle mass balance,

ep
@Cpi;k

@t
þ ð1� epÞ

@q
eq
i;k

@t
¼ 3

rp
kintiðCbi;k � Cpi;kÞ ð3Þ

Initial Conditions

t ¼ 0 : Cbi;k ðz; 0Þ ¼ Cpi;kðz; 0Þ ¼ 0 ð4a;bÞ

Boundary Conditions

The Danckwerts boundary conditions (25), at the inlet
of column (z¼ 0) as at the column exit (z¼Lk) for
(t> 0), are set to each column k,

z ¼ 0 : Dbk

@Cbi;k

@z

����
z¼0

¼ u�j ðCbi;k jz¼0 � C0
bi;k

Þ ð5Þ

z ¼ Lk :
@Cbi;k

@z

����
z¼Lk

¼ 0 ð6Þ

With z and t representing the axial and time coordinates,
respectively; Lk the column k length; eb the bulk porosity;
Db the axial dispersion coefficient, and u�j the section j fluid

interstitial velocity.

Nodes Equations

The interstitial fluid velocities, and inlet concentrations
in each section j are calculated from the inlet and outlet
nodes balances:

Eluent (E) node : u�I ¼ u�IV þ uE ð7aÞ

Extract (X) node : u�II ¼ u�I � uX ð7bÞ

Feed (F) node : u�III ¼ u�II þ uF ð7cÞ

Raffinate (R) node : u�IV ¼ u�III � uR ð7dÞ

Due to the switch of inlet and outlet lines, the boundary
conditions to a certain column are not constant during a
whole cycle but change after a period equal to the switch-
ing time ts. Since the model equations are set to each

TABLE 1
Multicomponent adsorption isotherm parameters

qm ½g � l�1
cat� KA [l � g�1] KB [l � g�1]

106.759 0.065 0.056
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column k, one will obtain the concentration of i species in

the beginning of each section j, C0
bi;k

, from the following

node mass balances:
For t¼ 0 to ts:

k ¼ 1 : Cb

i;

PIV

j¼I
nj

� �
����
z¼LPIV

j¼I
nj

¼ u�I
u�IV

C0
bi;1

� uE
u�IV

CE
i ð8a1Þ

k ¼ 2 to k ¼ ðnI þ nIIÞ : Cbi;ðk�1Þ

����
z¼Lðk�1Þ

¼ C0
bi;k

ð8a2Þ

k ¼ ðnI þ nII þ 1Þ : Cbi;ðnIþnII Þ

����
z¼LðnIþnII Þ

¼ u�III
u�II

Cbi;ðnIþnIIþ1Þ �
uF
u�II

CF
i

ð8a3Þ

k ¼ ðnI þ nII þ 2Þ to k ¼
XIV

j¼I
nj : Cbi;ðk�1Þ

����
z¼Lðk�1Þ

¼ C0
bi;k

ð8a4Þ

For t¼ ts to 2ts:

k ¼ 1 : Cb

i;

PIV

j¼I
nj

� �
����
z¼L PIV

j¼I
nj

� � ¼ C0
bi;1

ð8b1Þ

k ¼ 2 : Cbi;1

����
z¼L1

¼ u�I
u�IV

C0
bi;2

� uE
u�IV

CE
i ð8b2Þ

k ¼ 3 to k ¼ ðnI þ nII þ 1Þ : Cbi;ðk�1Þ

����
z¼Lðk�1Þ

¼ C0
bi;k

ð8b3Þ

k ¼ ðnI þ nII þ 2Þ : Cbi;ðnIþnIIþ1Þ

����
z¼LðnIþnIIþ1Þ

¼ u�III
u�II

C0
bi;ðnIþnIIþ2Þ

� uF
u�II

CF
i

ð8b4Þ

k ¼ ðnI þ nII þ 3Þ to k ¼
XIV

j¼I
nj : Cbi;ðk�1Þ

����
z¼Lðk�1Þ

¼ C0
bi;k

ð8b5Þ

This set of equations continues to progress in a similar way

(shifting one column per ts), until t ¼ ts
PIV

j¼I nj , repeating

then from the first switch.

Performance Parameters

The performance of the SMB unit for a given separation
is usually characterized by purity, recovery, and pro-
ductivity per the amount of adsorbent volume (6). The

definitions of all these performance parameters, for the
case of a binary mixture, are given below:

Purity (%) of the more retained (A) species in extract
and the less retained one (B) in the raffinate stream, over

a complete cycle, from t to tþ ts
PIV

j¼I nj:

PUX ¼
R tþts

PIV

j¼I
nj

t CX
bA
dt

R tþts
PIV

j¼I
nj

t CX
bA
dtþ

R tþts
PIV

j¼I
nj

t CX
bB
dt

ð9aÞ

PUR ¼
R tþts

PIV

j¼I
nj

t CR
bB
dt

R tþts
PIV

j¼I
nj

t CR
bA
dtþ

R tþts
PIV

j¼I
nj

t CR
bB
dt

ð9bÞ

Recovery (%) of more retained (A) species in extract and
the less retained one (B) in raffinate stream, again over a
complete cycle:

REX ¼
R tþts

PIV

j¼I
nj

t CX
bA
dt �QX

ts
PIV

j¼I nj �QFC
F
A

ð10aÞ

RER ¼
R tþts

PIV

j¼I
nj

t CR
bB
dt �QR

ts
PIV

j¼I nj �QFC
F
B

ð10bÞ

the productivity per total volume of adsorbent g
ladsorbent�day:

PRX ¼
R tþts

PIV

j¼I
nj

t CX
bA
dt �QX

ts
PIV

j¼I nj

� �2

Vcð1� ebÞ
¼ REXQFC

F
A

Vcð1� ebÞ
PIV

j¼I nj

ð11aÞ

PRR ¼
R tþts

PIV

j¼I
nj

t CR
bB
dt �QX

ts
PIV

j¼I nj

� �2

Vcð1� ebÞ
¼ RERQFC

F
B

Vcð1� ebÞ
PIV

j¼I nj

ð11bÞ

The number of columns as its volume (and thus the
amount of adsorbent), will not be changed along this
work. Consequently, one can simplify the productivity
analysis by direct comparison of the maximum feed flow
rate allowable in the vertex of the separation region
ðQ�

III �Q�
II ¼ QF Þ. A similar approach can be used to

induce about the eluent recovery, but, in this case, referring
to the lower solvent consumption in the regeneration
region ðQ�

I �Q�
IV ¼ QEÞ.

Numerical Solution

All the following simulations were obtained by solving
the mathematical model with gPROMS software package
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(version 3.0.4) from Process System Enterprise (UK). The
numerical method used was based on the Orthogonal Col-
location in Finite Elements with an axial discretization in
40 finite elements, with two interior collocation points.
An absolute and relative tolerance of 10�5 was set.

Performance Analysis

Separation Region Analysis

The design procedure used to determine the operating
conditions for a resolution of a racemic mixture of guaife-
nesin, by means of an SMB unit operating in the classical
mode, was presented before (20), and used here to establish
the limiting conditions, namely Q�

Imax
and Q�

IVmin
, for the

separation region analysis. To account for the mass trans-
fer resistances when drawing the separation region, one
can make use of the SMB model stated in the previous
section and run successive simulations of different
ðQ�

II �Q�
III Þ pairs. To do so, one should consider signifi-

cantly higher values for Q�
I and lower values for Q�

IV , than
the ones predicted by the Triangle Theory (26), to guaran-
tee that the flow rates in the regeneration region do not
influence the shape and size of the separation region, as
stated by the Separation Volume concept (27). This pro-
cedure was in fact used to perform the separation region
analysis for the pure 50–50% OSS raffinate-extract and
extract-raffinate running successive simulations for differ-

ent ðQ�
II �Q�

IIIÞ pairs with constant Q�
I ¼ 44:0ml �min�1,

Q�
IV ¼ 32:0ml �min�1, and ts¼ 2.57min and the SMB unit

parameters considered, from the FlexSMB-LSRE1 unit
(detailed later), presented in Table 2.

The separation regions obtained are shown in Fig. 3.
From Fig. 3, one can observe that while the SMB classic

and the OSS extract-raffinate (OSS XR) strategy separation
regions are almost superposed, the separation region of
the OSS raffinate-extract (OSS RX) appears to be slightly
larger than the previous two and thus allowing, to some
extent, higher productivities or higher purities for a given
operating point.

Regeneration Region Analysis

In the case of the regeneration region analysis for the
pure 50–50% OSS raffinate-extract and extract-raffinate,

the analysis was performed again by running successive
simulations, now for different ðQ�

I �Q�
IV Þ pairs with

constant Q�
II ¼ 36:2ml �min�1, Q�

III ¼ 37:1ml �min�1 and
ts¼ 2.57min, Fig. 4.

The pair ðQ�
II �Q�

III Þ was chosen according to an oper-
ating point positioned within the separation region
presented before (Fig. 3), and detailed elsewhere (20).

TABLE 2
Experimental operating conditions of
the FlexSMB-LSRE1 unit, geometrical

factors and feed concentration

nj¼ [1 2 2 1] eb¼ 0.4
Lc¼ 10 cm CF

i ¼ 2:0 g � l�1

dc¼ 2.0 cm dp¼ 20 mm

FIG. 3. Separation region for classic SMB and 50–50% OSS strategies:

extract-raffinate (OSS XR) and raffinate-extract (OSS RX), step of

0.100ml �min�1 for both Q�
II and Q�

III ; minimum purity in both extract

and raffinate streams of 99.75%.

FIG. 4. Regeneration region for classic SMB and 50–50% OSS strate-

gies: extract-raffinate (OSS XR) and raffinate-extract (OSS RX) step of

0.125ml �min�1 and 0.250ml �min�1 for Q�
I and Q�

IV , respectively; mini-

mum purity in both extract and raffinate streams of 99.75%.
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From Fig. 4, it can be observed that the OSS
extract-raffinate operating strategy is now considerably
better than the SMB classic, and this last quite better
than the OSS raffinate-extract (regeneration region area:
OSS extract-raffinate> SMB>OSS raffinate-extract), an
opposite conclusion than the one obtained from the separ-
ation region analysis. However, the differences between
both OSS strategies and the classic operating SMB mode
observed in Fig. 4 (regeneration region analysis) are quite
larger than the ones observed in Fig. 3 (separation region
analysis) and thus, stating the OSS operating mode as
a sort of partial eluent strategy (by opposition with the
partial feed strategy). In fact, one expects that the OSS
mode of operation will play a more relevant role in eluent
consumption (or eluent recovery duties) studies than in the
productivity optimization.

If the objective is to improve the productivity values (for
instance, by increasing the feed flow rate), the OSS
raffinate-extract strategy will better suit the purpose. It is
interesting to note that a similar conclusion was achieved
by Kawajiri and Biegler (12) when performing the maximi-
zation of the feed flow rate (productivity or outlet purity
for a given recovery value requirement), keeping constant
the section flow rates (‘‘Constant zone velocities’’) and
variable inlet and outlets streams. These authors performed
what can be named as a sort of partial feed coupled with
the OSS technique, and by optimization found the basics
for the modus operandi of a 40%–60% OSS raffinate-
extract operating strategy. For instance, see Fig. 4 of
Kawajiri and Biegler (12), where, and apart from the feed
flow rate influence on the other ports, it can be noted that
the extract port is closed for roughly 40% of the initial part
of the switching time period, and the remaining part
opened, while the opposite can more or less be observed
for the raffinate port. The eluent stream is higher in the first
part of the switching time period and then decreased over
the second part. Such procedure is in fact quite similar
to the one found in this work for the maximization of
productivity.

On the other hand, if the objective is to decrease the
eluent consumption (or eluent recovery duty), then the
OSS extract-raffinate strategy seems to be the more indi-
cated, since it will not affect the separation region too
much but will in fact improve the efficiency of both sections
I and IV.

Variants of OSS Technique

As mentioned before, the canonical name of 50–50%
OSS raffinate-extract was given to describe a technique
where the extract port is closed during the first half of
the switching time, while the less retained product is being
collected on the raffinate stream, and for the rest of the
switching time period the raffinate port is closed while
the more retained species is being collected on the extract

stream, and vice-versa for the 50–50% OSS
extract-raffinate mode of operation. However, and for
example, in the case of the OSS extract-raffinate mode of
operation, one could operate it during the initial 30% of
the switching time period collecting the more retained pro-
duct in the extract and last 30% period of the switching
time withdrawing the less retained species in the raffinate
(in the remaining time both ports are closed), what would
be the 30–30% OSS extract-raffinate strategy; in the same
way one could just operate the OSS strategy in the extract
port closing the extract port for the final 50% of the switch-
ing time period (50% OSS extract-0) or closing it in the
initial 50% period (50% OSS 0-extract), and similarly for
the raffinate port (50% OSS raffinate-0 . . .). One will now
study these variants in particular and thus detailing the
influence of the closing period as well as the extract or
the raffinate influence per se.

For the sake of simplicity just the OSS extract-raffinate
technique, which presented better results in terms of eluent
consumption, will now be studied and in particular the
OSS extract-0 and OSS 0-raffinate variants.

OSS Extract-0. Under the scope of the OSS operating
technique, closing and opening the extract port means that
only the flow rate in section I will suffer variations. Thus,
the influence of this variant technique (OSS extract-0)
and the collecting time in Q�

I is now analyzed by means
of successive simulations in the case of guaifenesin separ-

ation with Q�
II ¼ 36:2ml �min�1, Q�

III ¼ 37:1ml �min�1,

Q�
IV ¼ 32:5ml �min�1, and ts¼ 2.57min, Table 3.
As can be observed from Table 3, when comparing OSS

extract-0 with the classic SMB operating modes, the differ-
ence in the extract purity is almost insignificant (but better
in the classic SMB mode of operation); however, the raffin-
ate purity values obtained by the classic SMB mode of
operation are always lower than the ones obtained when
running with the OSS extract-0 operating mode, indepen-
dently of the collecting time period. Within the OSS
extract-0 operating strategy and for a given Q�

I flow rate
value, the extract purity value increases with the collecting
period, but in a minor extension to what it is observed in
the raffinate purities, where the higher purity values are
observed for the lower collecting periods. However, one
should remember that the shorter the collecting period is,
the higher will be the extract flow rate during this period
and thus the perturbations in the system, which can play
a relevant role in the practical implementation of the
OSS technique.

As mentioned before, the OSS extract-0 operating strat-
egy mainly influences the front section I. By operating in
OSS extract-0, the more retained species front in section
I will suffer a contraction and thus avoiding this product
to move with the solid to section IV when the ports switch-
ing operation is performed. It is then possible to achieve
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higher raffinate purities operating under OSS extract-0 or,
reduce the eluent consumption for a given raffinate purity
requirement, as shown in Fig. 5.

The shorter the collecting time period is, the higher will
be the front compression and thus, the potential of the
operating technique.

OSS 0-Raffinate. In opposition to what happens with
the OSS extract-0 strategy, by closing and opening the

raffinate port it will only affect the flow rate in section
IV since the eluent flow rate compensates the remaining
flow rates (namely in section I and by consequence sections
II and III). Thus, the influence of OSS 0-raffinate variant
technique versus Q�

IV and the collecting time is now ana-
lyzed, again by running successive simulations on the case
of guaifenesin separation by keeping constants: Q�

II ¼
36:2ml �min�1, Q�

III ¼ 37:1ml �min�1, Q�
I ¼ 37:1ml �min�1,

and ts¼ 2.57min, Table 4.
From Table 4, it can be observed that the difference in

the raffinate purities between the OSS 0-raffinate and the
classic SMB operating modes is small, but worse in
the classic SMB mode of operation case; nevertheless, the
extract purities in the classic SMB mode of operation are
always lower than the ones obtained when running with
the OSS 0-raffinate operating mode, independently of the
collecting time period.

Within the OSS 0-raffinate operating strategy, and for a
given Q�

IV flow rate value, the purity values (extract and
raffinate) increase as the collecting period decreases. Again,
one should remember the practical consequences of operat-
ing at low collecting periods mentioned before.

The same justification given to the front contraction in
section I when operating under the OSS extract-0 strategy,
can now be applied to section IV, where the less retained
species front is compressed by operating under the OSS
0-raffinate technique. Once again, it is possible to either

FIG. 5. Eluent consumption vs. raffinate purity for Classic SMB and

OSS X0 operating modes.

TABLE 3

OSS extract-0 analysis: collecting time and Q�
I , for Q

�
II ¼ 36:2ml �min�1, Q�

III ¼ 37:1ml �min�1,

Q�
IV ¼ 32:5ml �min�1, and ts¼ 2.57min

Q�
I

Extract Purity (PUX, %)

(ml �min�1) 30% OSS X0 40% OSS X0 50% OSS X0 60% OSS X0 70% OSS X0 Classic

40.5 99.98 99.99 100.00 100.00 100.00 100.00
41.0 99.96 99.97 99.98 99.99 99.99 100.00
41.5 99.95 99.96 99.97 99.98 99.98 100.00
42.0 99.95 99.95 99.96 99.97 99.97 99.99
42.5 99.94 99.95 99.96 99.97 99.97 99.98
43.0 99.94 99.95 99.96 99.96 99.97 99.98

Q�
I

(ml �min�1)

Raffinate Purity (PUR, %)

30% OSS X0 40% OSS X0 50% OSS X0 60% OSS X0 70% OSS X0 Classic

40.5 94.95 94.80 94.60 94.36 94.04 92.42
41.0 97.61 97.48 97.31 97.09 96.81 95.33
41.5 99.14 99.05 98.93 98.78 98.57 97.44
42.0 99.79 99.74 99.69 99.61 99.49 98.78
42.5 99.96 99.95 99.93 99.90 99.86 99.51
43.0 100.00 99.99 99.99 99.98 99.97 99.83
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improve extract purities or reduce the eluent consumption
for a given extract purity requirement, Fig. 6.

By compressing both fronts (the more retained species in
section I and the less retained species in section IV) it is
then possible to experience the OSS technique at its com-
plete potential, i.e., couple the advantage of each variant
in a single operating procedure OSS extract-raffinate (for
instance, OSS extract-0, to decrease the flow rate to section
I and OSS 0-raffinate to increase the recycle flow rate,
decreasing the eluent consumption).

EXPERIMENTAL SECTION

With the FlexSMB-LSRE1 unit detailed elsewhere (20)
it is possible to run the OSS-X0 mode of operation (or
OSS-0R, by placing the extract pump in the raffinate out-
let). However, the problems associated with recycle flow
rate instability, noted in the classic SMB mode of operation
(20), could be more critical when operating under the OSS
modus operandi. The flow rates’ variations due to the OSS
mode of operation, would lead to a considerable increase
of the recycle flow rate instability. Therefore, the unit
was improved by changing the place of the recycle pump,
initially positioned next to the extract node (in the begin-
ning of section II), to the recycle line next to the raffinate
node (beginning of section IV). The flow meter was chan-
ged to the previous position of this pump, i.e., next to
the extract node (in the beginning of section II). This alter-
ation led to a new pumps arrangement for the
FlexSMB-LSRE1 unit, Fig. 7.

In this way it was possible to avoid the mentioned
instabilities, as well as a constant average value in the inter-
nal flow rates along a complete cycle, Fig. 8.

From Fig. 8, it is possible to observe that the new pos-
ition of the recycle pump (next to the raffinate node or
the beginning of section IV), allowed a considerable stab-
ility in the internal flow rates (now measured by the flow
meter installed next to the extract node). The two different
amplitudes noted for the flow rate oscillation within each
switching time period noted in Fig. 8, are directly related

FIG. 6. Eluent consumption vs. extract purity for Classic SMB and OSS

0R operating modes.

TABLE 4

OSS 0-raffinate analysis: collecting time and Q�
IV , for Q

�
II ¼ 36:2ml �min�1, Q�

III ¼ 37:1ml �min�1,

Q�
I ¼ 42:5ml �min�1, and ts¼ 2.57min

Q�
IV

Extract Purity (PUX, %)

(ml �min�1) 30% OSS 0R 40% OSS 0R 50% OSS 0R 60% OSS 0R 70% OSS 0R Classic

34.625 99.98 99.98 99.98 99.98 99.98 99.77
34.750 99.98 99.98 99.98 99.97 99.95 99.55
34.875 99.98 99.98 99.97 99.95 99.90 99.10
35.000 99.97 99.96 99.94 99.89 99.79 98.18
35.125 99.94 99.90 99.83 99.68 99.39 96.39
35.250 97.54 97.53 97.51 97.41 97.11 93.45

Q�
IV

Raffinate Purity (PUR, %)

(ml �min�1) 30% OSS 0R 40% OSS 0R 50% OSS 0R 60% OSS 0R 70% OSS 0R Classic

34.625 99.80 99.80 99.79 99.79 99.68 99.68
34.750 99.81 99.80 99.80 99.79 99.78 99.70
34.875 99.81 99.81 99.80 99.80 99.79 99.71
35.000 99.82 99.81 99.81 99.80 99.79 99.72
35.125 99.82 99.82 99.81 99.81 99.80 99.73
35.250 99.83 99.83 99.82 99.82 99.81 99.75
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to the particularities of the 60% OSS X0 mode of oper-
ation. The amplitude oscillation for the first part of the
switching time is higher than the second, probably related
with the fact that the flow meter (coriolis) has been just zer-
oed for the second part of the OSS operating mode.

At the same time, some dead volumes associated with
the connections of both the flow meter and the recycle
pump were reduced, by using 1mm i.d. stainless steel capil-
lary tubes which were before Teflon tubes, Table 5.

The values given in Table 5 include also the contribution
of all the stagnant volumes. Considering only the active
lines (see Fig. 7), the dead volumes for each section are:

VD
I ¼ 1:09ml;VD

II ¼ 3:84ml;VD
III ¼ 1:71ml;VD

IV ¼ 4:73ml,
which led to a new dead volumes and switching time
compensation measure of 2.60% (see (20) for further details
on the dead volumes compensation strategy of the
FlexSMB-LSRE1 unit).

Operating Conditions

For the OSS experiment, the variant 60% OSS X0 was
chosen to introduce the minimal flow rate oscillations

and to fit the 1
5 ts discretization of the switching time period

allowed by the FlexSMB-LSRE1 operating routines.
The operating conditions observed during the OSS

experiment are presented in Table 6.
The average operating conditions are presented in

Table 7.

Sampling and Analytical Procedures

The internal concentration profiles at the Cyclic Steady
State (CSS) were withdrawn by means of the 6-port valve

FIG. 7. FlexSMB-LSRE1 pumps and valves scheme developed to avoid recycle flow rate asymmetries.

FIG. 8. Flow rate in the beginning of section II, after the unit alteration;

FlexSMB-LSRE1 operating in 60% OSS X0 mode.

TABLE 5
Dead volumes per function and total dead volumes
percentage in the FlexSMB-LSRE1 unit, after unit

re-arrangement and dead volumes reduction

Veach(ml) Total

Filter and manifold 0.50 3.01
Ext in 0.36 2.17
Raf in 0.36 2.17
Ext out 0.32 1.93
Raf out 0.32 1.93
Interc 0.31 1.89
Sampler 0.47 0.47
Ext 1 0.12 0.12
Ext 2 (flow meter) 2.29 2.29
Raf 1 0.12 0.12
Raf 2 (Rec pump) 3.79 3.79
Vc (ml) 188.5
(%) dead volumes 11.0%
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at 25%, 50%, and 75% of the switching time and extract
and raffinate ports, and samples of the extract and raffinate
average concentrations were collected at each cycle.

All the analyses were performed by means of an HPLC
system, which includes a Smartline 1000 LC pump, UV
detector model Smartline 2500, LPG block and degasser
(Knauer, Germany). The detector was set at 270 nm and
a Rheodyne injection valve with a 10 mL sample loop was
loaded manually using a syringe. Clarity (DataApex,
Ltd., 2004) software was used for data acquisition and
HPLC control. The analytical was column (250mm�
4.6mm I.D.) packed with Chiralpak IB: cellulose tris (3,5
dimethylphenylcarbamate immobilized onto 5mm silica-gel),
supplied by Chiral Technologies Europe (France) was used.
GC-grade organic solvents n-heptane and ethanol (EtOH)
were obtained from Sigma-Aldrich Chemie, Germany.

The antitussive drug guaifenesin was dissolved in the
mobile phase which was always degassed and filtrated
through a 0.2 mm, 50mm I.D. NL 16-membrane filter
(Schleicher & Schuell, Germany) before use. The mobile
phase was n-heptane=ethanol (85=15%, v=v).

RESULTS AND DISCUSSION

During the first run of the OSS experiment some pro-
blems were noted (instability in the flow rates measure-
ment), which led to the reformulation of the unit. After
the reformulation of the unit, the parameters were again
set on the computer interface and the unit operated for
more than 50 cycles (continuing the profiles from the first
experiment). The average concentration history, as well
as the purities, in the extract and raffinate ports for the last
10 cycles (40 to 50) are shown in Fig. 9.

TABLE 6
Experimental operating conditions for the guaifenesin racemic mixture separation operated under the 60% OSS X0 -SMB

Step 1 from 0 to 0.6ts- SMB operating conditions (measured)

Q�
I ¼ 47:7ml �min�1 Eluent 14.9ml �min�1

Q�
II ¼ 36:4ml �min�1 Extract 11.3ml �min�1

Q�
III ¼ 37:3ml �min�1 Feed 0.9ml �min�1

Q�
IV ¼ 32:8ml �min�1 Raffinate 4.5ml �min�1

ts¼ 2.64min

c�I

����
FlexSMB

¼ 10:02 c�II

����
FlexSMB

¼ 7:65 c�III

����
FlexSMB

¼ 7:84 c�IV

����
FlexSMB

¼ 6:90

Step 2 from 0.6ts to ts- SMB operating conditions (measured)

Q�
I ¼ 36:7ml �min�1 Eluent 3.9ml �min�1

Q�
II ¼ 36:7ml �min�1 Extract 0ml �min�1

Q�
III ¼ 37:6ml �min�1 Feed 0.9ml �min�1

Q�
IV ¼ 32:8ml �min�1 Raffinate 4.8ml �min�1

ts¼ 2.64min

c�I

����
FlexSMB

¼ 7:71 c�II

����
FlexSMB

¼ 7:71 c�III

����
FlexSMB

¼ 7:90 c�IV

����
FlexSMB

¼ 6:90

TABLE 7
Average experimental operating conditions for the guaifenesin racemic mixture separation operated under

the 60% OSS X0 -SMB

SMB operating conditions (Average)

Q�
I ¼ 43:3ml �min�1 Eluent 10.5ml �min�1

Q�
II ¼ 36:5ml �min�1 Extract 6.8ml �min�1

Q�
III ¼ 37:4ml �min�1 Feed 0.9ml �min�1

Q�
IV ¼ 32:8ml �min�1 Raffinate 4.6ml �min�1

ts¼ 2.64min

c�I

����
FlexSMB

¼ 8:87 c�II

����
FlexSMB

¼ 7:68 c�III

����
FlexSMB

¼ 7:86 c�IV

����
FlexSMB

¼ 6:90
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As can be observed in Fig. 9, at this stage (from cycle 40
to 50) the unit was already in=near the CSS (mass balance
closed (þ=�3%) for each species).

The internal concentration profiles obtained from the
sampling procedure at 25%, 50%, and 75% of the switching
time are presented in Fig. 10.

The simulated profiles in Figs. 9 and 10, as well as all the
following results, were calculated by means of an extended
mathematical model considering all the FlexSMB-LSRE1

dead volumes, switching asymmetries as dead volumes
compensating measures, as detailed elsewhere (20).

The average purity values for both the more retained
product in the extract and less retained species in the raffin-
ate ports are reported in Table 8.

Nevertheless, it can be noted that some difference exists
between the simulated and experimental purity results in
both extract and raffinate streams, Table 8. Also some

experimental points in the internal concentration profile
shown in Fig. 8, are not coincident with those predicted
by the detailed model. A possible reason on these
discrepancies can be related with an overestimation of the
mass transfer coefficient, kint¼ 0.20 cm �min�1, calculated
by correlation (see section 2.1). Particular attention was
given to this aspect and a new estimative was found that
would better fit the experimental data: kint¼ 0.07 cm �
min�1. By simulating with this value one can now find
the following internal concentration profiles in Fig. 11
and the performance parameters in Table 9.

One can observe in Fig. 11 that the simulated values
obtained by considering kint¼ 0.07 cm �min�1 are closer
to the experimental ones. Even though the results cannot
be directly compared with the classical experiment pre-
sented before (different operating conditions), it is possible
to compare the simulated result obtained for the OSS X0
simulation (with kint¼ 0.07 cm �min�1) with the ones that
would be obtained by running the correspondent classical
mode of operation (also considering kint¼ 0.07 cm �min�1),
Fig. 12 and Table 10.

As can be observed from Fig. 12, just the concentration
profile around the extract port will change considerably.
From Table 10, it can be noted that if one operates under

FIG. 9. (a) Average concentration history, (b) purities in the extract and raffinate ports from cycle 40 to 50; lines the simulated values (average over a

cycle).

FIG. 10. Experimental internal concentration profile at half switching

time period operating OSS-X0 SMB; black squares representing experi-

mental CbA , grey diamonds the experimental CbB ; the black line the simu-

lated CbA and the grey line the simulated CbB .

TABLE 8
Experimental and simulated purity values for the more

retained product in the extract and less retained one in the
raffinate

Simulated Experimental

extract raffinate extract raffinate

Purity (%) 99.99 99.59 98.83 95.81
Recovery (%) 99.59 99.99 96.10 98.24
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the classic SMB both the raffinate as extract purities will
be more reduced, when compared with the OSS X0 operat-
ing strategy. Both observations converge to the same

conclusion: as expected the contraction of the front of
the more retained component in section I and II (near
the extract port), consequence of the OSS X0 operating
mode, will allow a better separation (better purity values)
than the ones observed if one runs under the classic mode
of operation, but at the cost of more operational
instability.

CONCLUSIONS

A detailed methodology, based on the systematic simu-
lation of the complete separation as regeneration regions,
was undertaken to study the non-conventional SMB tech-
nique: Outlet Streams Swing (OSS). By these means, it
was possible to extend further the comprehension of the
impact of the periodical outlet collection procedure, spe-
cific to the OSS technique, on the performance of such
non-conventional SMB operating mode.

It was shown, by means of the OSS technique, that the
compression or expansion movements in both the less
retained species front in section IV and the more retained
component in section I, can be adjusted either:

1. to increase the separation region and thus improving the
unit productivity for given purity requirements
(achieved when operating under OSS raffinate-extract
strategy); or,

2. to decrease the eluent consumption (possible by operat-
ing under OSS extract-raffinate strategy).

Different variants of the OSS technique were also stud-
ied, detailing the influence of intrinsic parameters of the
OSS strategy, such as the collecting period and presenting
more simplistic applications of the OSS technique. One
of these variants, the 60% OSS X0, was experimentally
demonstrated, stating its operability, as well as the com-
mon drawbacks that most of the non-conventional SMB
techniques based on flow rates variation usually presents
(instabilities in the internal flow rates and considerable time
required to reach the CSS).

Following the methodology developed in this work, it
will be possible to extend further the potentialities of these

FIG. 11. Experimental internal concentration profile at half switching

time period after 10 cycles operating as OSS X0 SMB; black squares repre-

senting experimental CbA , grey diamonds the experimental CbB ; the black

line the simulated CbA and the grey line the simulated CbB , both consider-

ing kint¼ 0.07 cm �min�1.

TABLE 9
Experimental and simulated (considering

kint¼ 0.07 cm �min�1) purity values for the more retained
product in the extract and less retained one in the raffinate

Simulated Experimental

extract raffinate extract raffinate

Purity (%) 99.80 98.63 98.83 95.81
Recovery (%) 98.62 99.80 96.10 98.24

FIG. 12. Bulk concentration profile at half switching both OSS X0 and

Classic SMB modes of operation, both considering kint¼ 0.07 cm �min�1.

TABLE 10
Purity values for the more retained product in the extract
and less retained one in the raffinate for the OSS X0 and

Classic SMB modes of operation, both considering
kint¼ 0.07 cm �min�1

OSS-X0 Classic

extract raffinate extract raffinate

Purity (%) 99.80 98.63 98.85 98.30
Recovery (%) 98.62 99.80 98.30 98.85
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kinds of operating modes (for instance, by coupling the
OSS technique with the partial feed operating strategy),
and to better understand other generic non-conventional
techniques.
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NOMENCLATURE

Cb bulk liquid phase concentration (g � l�1)

Cp particle pore average concentration (g � l�1)

d diameter (m)
Db axial dispersion coefficient in packed bed

(cm2 �min�1)
Dm molecular diffusivity (cm2 �min�1)
K adsorption equilibrium constant (l � g�1)
kint internal mass transfer coefficient (cm �min�1)
L length (m)
M molar mass of the solute (g �mol�1)
qeq equilibrium adsorbed concentration

ðg � l�1
adsorbentÞ

qm adsorbed phase saturation concentration

ðg � l�1
adsorbentÞ

Q liquid flow rate (ml �min�1)
T temperature (K)
t time variable (min)
ts switching time (min)
u interstitial velocity (cm �min�1)
V volume (l)
Vm molar volume of the adsorbate at its normal

boiling temperature (l �mol�1)
z axial variable (cm)

Greek Letters

eb bulk porosity (-)
ep internal porosity (-)
/ association factor (-)
l viscosity (Pa.s)
s tortuosity (-)

Subscripts and Superscripts

eq equilibrium
i species in binary system
j number of section (j¼ I,II,III,IV)
k number of column (k¼ 1,2, . . . 6)

c column
p particle
� operating conditions in SMB
E, F, R, X eluent, feed, raffinate, extract SMB stream

Abbreviations

CSS Cyclic Steady State
ISMB Improved Simulated Moving Bed
LDF Linear Driving Force
OSS Outlet Stream Swing
PR Productivity
PU Purity
RE Recovery
SMB Simulated Moving Bed
TMB True Moving Bed
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