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Abstract

A new experimental set-up and a new simulated moving bed (SMB) operation are presented in this work. A desktop SMB unit developed as
a modification of the commercial ÄKTATM explorer working platform has been utilized for the separation of different mixtures of nucleosides.
Both two fraction and three fraction SMB separations have been carried out, the latter made possible by the adoption of a new SMB configuration
and operating mode (three fraction SMB, 3F-SMB, operation). Experiments demonstrate the feasibility of the 3F-SMB operation, and confirm
the trends predicted based on considerations about retention of the components to be separated along the unit.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The simulated moving bed (SMB) is a continuous chro-
matographic multi-column separation process, which has be-
come an established technology in the pharmaceutical in-
dustry over the last 10 years, especially for the separation
of enantiomers, which have identical physical properties,
making it impossible to separate them by any of the clas-
sical separation processes[1–3]. Chromatography in gen-
eral is a very flexible and mild separation technique, well
suited especially for sensitive products. The advantages of
SMB technology are the highly efficient continuous operat-
ing mode, with a higher productivity and lower solvent con-
sumption than in batch column chromatography[2]. More-
over, SMB can be easily scaled up[2,4]. Nowadays, the
separation of bio-molecules is largely performed using the
less efficient batch chromatography, due to the complexity
of the mixtures involved in the downstream processing of
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bio-products. These mixtures usually contain a variety of
large molecules and a number of impurities coming from the
cell broth. Some of these substances might clog the column
due to their size, others might bind very tightly to the sta-
tionary phase, precipitate, or denature during the separation
process. The target molecules are usually rather dilute. This
makes a cleaning in place (CIP) of the column necessary af-
ter several uses. CIP is often performed in the reverse flow
mode to destroy and remove molecules irreversibly bound
to the stationary phase. Applying the classical SMB set-up
as shown inFig. 1, the columns are used continuously and
the scheme does not allow to take out columns for cleaning
without shutting down the plant.

The conventional SMB process realizes the separation of
a feed mixture into two fractions by exploiting a simulated
countercurrent contact of the solid and the fluid phase[5,6].
The separation principle is the different adsorption affinity
of the components on the solid phase. The flow rate ratio
between the fluid flow rate and the equivalent solid flow rate
has to be chosen in a way that the more adsorbed compounds
move in the direction of the solid flow, whereas the other
compounds move with the fluid. This makes it possible to
collect the two purified fractions continuously. In the sim-
plest implementation a binary mixture is separated, and the
two components are collected separately in the two prod-
uct fractions. This is in particular the case of enantiomers.

0021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Nomenclature

ci concentration of speciesi (g/l)
Hi Henry’s constant of speciesi
mj flow rate ratio in sectionj
ncol

j number of columns in sectionj
PK purity of product streamK
qi adsorbed phase concentration of species

i (g/l)
Qj volumetric fluid flow rate in section

j (ml/min)
t∗ switch time (s)
V column volume (ml)
VD

j dead volume per column in sectionj (ml)
VD

in dead volume of the tubing measured
from inlet port to column inlet (ml)

VD
out dead volume of the tubing measured

from column outlet to outlet port (ml)

Greek letters
ε bed void fraction

Subscripts and superscripts
A, B, C components
D desorbent
dA 2′-deoxyadenosine
dC 2′-deoxycytidine
dG 2′-deoxyguanosine
dT thymidine
E extract
F feed
i component index
j section index(j = 1, . . . , 4)

L lower bound
R raffinate
T third fraction
U upper bound

The unit is divided into four sections by the inlet and out-
let streams, where the feed enters betweenSections 2 and
3. The products are withdrawn in the extract stream be-
tweenSections 1 and 2and in the raffinate stream between

1 2 3

desorbent
inlet

extract feed raffinate open loop
desorbent

outlet

simulated solid flow

D,B,CD,B D,C

4

D

Fig. 1. Scheme of an open loop four-section SMB unit.

Sections 3 and 4, whereas the direction of the fluid flow is
defined going fromSections 1–4. Sections 1 and 4regen-
erate the solid phase and the solvent, respectively, which is
necessary for their continuous recycle. In case of a true coun-
tercurrent configuration, this is called the true moving bed
(TMB), which is a conceptual process, since the significant
technical problems due to the solid phase movement cannot
be solved in practice. The SMB technology overcomes these
problems by using fixed-bed columns, and practically sim-
ulating the solid flow by switching all the inlet and outlet
ports periodically in the direction of the fluid flow. This sim-
ulates a solid flow equivalent toQs = V(1 − ε)/t∗, where
V is the column volume,ε is its void fraction andt∗ is the
port switching period. To calculate the net fluid flow in an
SMB, the fluid amount in the column that is moved back-
wards in the direction of the solid flow at each port switch
(Vε/t∗ in the case of nonporous particles) has to be aver-
aged over the timet∗ and subtracted from the fluid flow rate
Qj. Using these quantities one can define the flow rate ratio
mj for each section of the unit, which is the key parameter
used to design the SMB separation:

mj = net fluid flow rate

solid flow rate
= Qjt

∗ − Vε

V(1 − ε)
,

j = 1, . . . , 4. (1)

The SMB can operate in a closed loop configuration, where
the regenerated solvent coming fromSection 4is directly re-
cycled toSection 1, or in an open loop configuration, where
the fluid coming fromSection 4is withdrawn and recycled
indirectly (seeFig. 1).

In order to design the operating conditions of an SMB, it
is necessary to know the adsorption behavior of the system
under consideration. For low feed concentrations, such as
those used in this work, a linear adsorption isotherm can be
used:

qi = Hici, (2)

whereqi is the amount adsorbed on the solid phase,Hi the
Henry’s constant,ci the concentration in the liquid phase,
andi is the component index. For this simple case of a linear
isotherm and in the frame of the simplified local equilibrium
model the necessary and sufficient conditions for complete
separation of two components B and C withHB > HC
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consist of the following inequalities (see[6] for details):

HB ≤ m1 (3)

HC ≤ m2 ≤ HB (4)

HC ≤ m3 ≤ HB (5)

0 ≤ m4 ≤ HC (6)

These conditions define a region in the four-dimensional op-
erating parameter space yielding complete separation of B
and C in the frame of the ideal equilibrium model. Usu-
ally only the triangular projection of this region onto the
(m2, m3) plane is used for graphical representation, but it
has to be kept in mind that this applies only provided also
the constraints onm1 andm4 are fulfilled.

In this work the use of SMB in the field of bio-separations
is considered. The separation of nucleosides, the building
blocks of DNA, using different standard and non-standard
SMB set-ups, is investigated. In this context a new SMB
set-up that allows for continuous CIP is introduced. Also
a SMB separation into three fractions is shown, where the
non-standard set-up benefits from the special dynamics of
the SMB and exploits the fact that the SMB is a simulated
countercurrent process and not a true countercurrent unit
(see[7] for details). This type of separation can no longer be
regarded as a technical implementation of the TMB process,
as it is the case for the classical binary SMB separation,
but it has to be viewed as a new independent multi-column
chromatographic process.

2. Chromatography of nucleosides

The separation of the nucleosides thymidine, 2′-deoxy-
guanosine, 2′-deoxyadenosine and 2′-deoxycytidine hy-
drochloride (in the following referred to as dT, dG, dA
and dC, respectively), all purchased from Sigma–Aldrich
Chemie GmbH (Steinheim, Germany), on the reversed
phase SOURCETM 30RPC (trademark of Amersham Bio-
sciences AB, Uppsala, Sweden), was considered. This
stationary phase is designed for fast, high performance
preparative separations of bio-molecules such as proteins,
peptides and oligonucleotides and has a matrix based on
rigid, polystyrene/divinyl benzene 30�m mono-sized beads.
This material was packed into two sets of SMB columns:
six columns of 10 mm diameter and 10.32± 0.3 cm length
(column set�) and seven columns of 4.6 mm diameter and
15 cm length (column set�). For column set�, columns
of the type with column plungers for length adjustment
and elimination of column dead volume were used, which
made it difficult to pack them with identical packing length
and/or identical bed porosity. For column set�, standard
PEEK columns were used where the bed length is defined
by the column length. The porosity was measured by inject-
ing a potassium chloride solution as a non-adsorbing tracer,
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Fig. 2. Henry’s constants of the four nucleosides at 30◦C as a function
of the ethanol volume fraction in an aqueous mobile phase.

which is detected at the column outlet by measuring con-
ductivity. The average porosity of both column sets isε =
0.78± 0.02. As a mobile phase, mixtures of water–ethanol
with ethanol fractions between 0 and 12 vol.% were used.

The retention behavior of the nucleosides under investiga-
tion depends as expected on the composition of the mobile
phase, e.g. changing the ratio between a polar and a less po-
lar solvent changes the affinity of the solutes for the solid or
the liquid phase. The effect of increasing the ethanol con-
tent in the water-ethanol mixture on the Henry’s constants
of the nucleosides dC, dG, dT and dA at 30◦C is illustrated
in Fig. 2. Nucleosides are detected at the column outlet us-
ing a UV detector. Henry’s constants are calculated from the
retention time in the bedtR,i, from which the residence time
in the extra column dead volume is subtracted beforehand,
using the standard relationship:

Hi = QtR,i − εV

V(1 − ε)
, i = dT, dG, dA, dC. (7)

3. Two fraction SMB separation

To perform a standard binary two fraction SMB separa-
tion, the two nucleosides dG and dT have been selected.
From Fig. 2 it is obvious, that for any ethanol content this
pair is the most difficult to separate. In order to choose a
reasonable range in Henry’s constants for plant operation,
the ethanol fraction of 6 vol.% has been chosen, correspond-
ing to HdT = 4.54 andHdG=6.13. For the experiments de-
scribed in this chapter column set� (see Chapter 2) was
used.
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3.1. Experimental set-up

A modified ÄKTATM explorer 100 (trademark of Amer-
sham Biosciences AB, Uppsala, Sweden) was used (Fig. 3).
The ÄKTAexplorer is a multi column batch chromatography
system for fast method and process development, suitable for
scale-up of chromatographic separations of biomolecules.
To upgrade this system to an SMB, it was necessary to
add a number of extra features, which could be achieved
by the use of standard components, namely pumps and
valves. A custom designed ‘SMB strategy’, based on stan-
dard UNICORNTM control software (trademark of Amer-
sham Biosciences AB, Uppsala, Sweden) allows to control
all the extra devices. The column loop of the SMB was
built using identical subunits repeating for every column, as
shown inFig. 4. For the standard SMB set-up four HPLC
pumps are needed, one of each to control the individual feed
and desorbent inlet flows as well as the raffinate and ex-
tract outlet flows. In the configuration described here, pump
1 and 2 are provided by the standard P900 gradient pump
of the ÄKTAexplorer system. The functionality of two sep-
arately operating pumps is achieved by disconnecting the
outlets A and B of such a gradient pump from the nor-
mally used mixer. In order to control the third and fourth
flow of the SMB unit, the system was upgraded by a sec-

Fig. 3. Picture of the modified batch chromatography system ÄKTAex-
plorer used as a SMB.

ond P901 module. Each pump has a flow rate range of 0.01
to 100 ml/min. For higher accuracy at low flow rates, pump
type P903 (0.001–10 ml/min) would be even more ideal. In
order to maintain a standardized working pressure in the
pumps controlling the raffinate and extract flows, two flow
restrictors (4 bar) have been installed at the corresponding
pump outlets. Each of these four pumps is connected to a
multi-position valve of the type PV-908 (one inlet open to
one of eight outlets, or one outlet open to one of eight in-
lets), whereas four PV-908 valves are built-in, and an ad-
ditional PV-908 valve needed for the solvent outlet used in
the open loop configuration was added (seeFig. 4). Each
of the eight positions of a multi-position valve is assigned
to a specific physical column and connected according to
the set-up shown inFig. 4. The experiments in this chapter
have been performed using only six columns, so two posi-
tions of the valves remained unused. The column switching
is realized by turning the multi-position valves after each
switching period to the next position in use. Check valves
(CV 3301, Upchurch Scientific, Oak Harbor, USA) between
each pair of columns are installed to ensure the correct flow
direction. The plant has no temperature control and was op-
erated at 30± 1.5◦C. Temperature variations of a few de-
grees, which lead to slight isotherm inaccuracies, had to be
accepted.

Fig. 4. Plant set-up: single column building block for a conventional SMB
as shown inFig. 1.
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3.2. 2-1-2-1 configuration

First, a 2-1-2-1 configuration for an open loop SMB was
adopted. The dead volume of the plant was measured to be
VD

1 = 0.598 ml,VD
2 = 1.066 ml,VD

3 = 0.598 ml andVD
4 =

0.754 ml. It is worth noting that, even in the case of identical
assembly for all columns, the dead volume varies from sec-
tion to section due to the different tubing parts assigned to
each individual section: e.g.Section 2goes from the extract
outlet to the feed inlet one column further, including the tub-
ing with two check valves and one column, whileSection 3
goes from the feed inlet to the raffinate outlet two columns
downstream including tubing with only one check valve and
two columns. The effective liquid flow rate in a SMB is re-
duced by the extra-column dead volume, which has to be
accounted for when calculating the flow rate ratiosmj [8,9]:

mj =
Qjt

∗ − Vε − VD
j

V(1 − ε)
, j = 1, . . . , 4 (8)

For all experiments the external flow rates were kept con-
stant atQD = 2.5 ml/min, QE = 0.564 ml/min, QF =
0.08 ml/min andQR = 0.498 ml/min. A feed concentration
of cF

i = 0.5 g/l for each nucleoside was adopted. Six SMB
experiments were carried out with a switch timet∗ varying
between 7.7 min and 9.5 min, and the outlet concentrations
and purities were measured at cyclic steady state. This cor-
responds to a series of six operating points crossing the re-
gion of complete separation in the (m2, m3) plane, going
from the pure raffinate region, through the complete sep-
aration region, to the pure extract region[6]. The results
are illustrated inFig. 5 and 6, where the extract and raffi-
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Fig. 5. Two fraction separation of dG and dT. Purity of extract and
raffinate as a function of the switch time, with all flow rates kept constant.
SMB configuration: 2-1-2-1.

nate purity, and the dG and dT concentrations in the product
outlets, respectively, are plotted as a function of the switch
time. When looking atFig. 6, it is rather evident that as ex-
pected both species essentially increase their concentration
in the raffinate and decrease it in the extract as the switch
time increases. This leads to an increase in extract purity
and decrease in raffinate purity ast∗ increases. Such trends
are confirmed by the purities plotted inFig. 5, but with ex-
ceptions at small and large values of the switch time. In fact,
the extract purity decreases fort∗ > 9 min, whereas the raf-
finate purity decreases (for decreasingt∗) for t∗ < 8 min.
In both cases, the concentration of the main product in the
relevant product stream is very low (seeFig. 6), and this
makes the effect of the presence of the slightest impurity of
the other species rather detrimental in terms of purity val-
ues. It is also worth noting that very high values ofPR are
not accompanied by similarly high values ofPE, which is
always below 98%. We attribute such behavior to the unit
configuration, where only one column is used inSection 2.
This can be viewed as an insufficient way of simulating a
countercurrent contact between fluid and solid inSection 2.
This conjecture has been confirmed by simulation results
not reported here, and has led to the series of experiments
reported in the next section.

3.3. 2-2-2-0 configuration

A second series of experiments has been carried out us-
ing the same column set� as before, but adopting a 2-2-2-0
configuration. This means that there are two columns in
each section fromSection 1–3. There is noSection 4and
the raffinate is constituted of the whole stream leaving
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Fig. 7. Two fraction separation of dG and dT. Purity of extract and
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SMB configuration: 2-2-2-0.

Section 3. In this case, the extra-column dead volume is
VD

1 = 0.598 ml, VD
2 = 0.91 ml, andVD

3 = 0.598 ml. Four
SMB experiments have been performed using constant ex-
ternal flow rates (QD = 2.5 ml/min, QE = 0.583 ml/min,
QF = 0.098 ml/min), leading to similar operating parame-
tersmj, as in Chapter 3.2. The switch timet∗ was varied
between 8.4 and 9.3 min, and the outlet concentrations and
purities were measured at cyclic steady state. The results are
illustrated inFig. 7, that should be compared withFig. 5. It
can be observed that indeed the extract purity has achieved
about 99%, which is a value much closer to the maximum
raffinate purity, i.e. 99.5%. It is worth noting that the raf-
finate product is significantly more diluted due to the lack
of Section 4, and this leads also to slightly lowerPR values
than in the case of the 2-1-2-1 configuration.

1 2 3 equilibrate

Des. Extr. Feed Raff. Des. Waste

simulated solid flow

D,A,B,CD,B D,C

Third
Fraction

A

main SMB

D0

Des. 0

D D

0

Fig. 8. Scheme of a 3F-SMB unit, that can be used for a three fraction separation, or to perform CIP continuously.

4. Three fraction SMB separation

In the following a new SMB concept is introduced, which
can be especially useful for the separation and the purifi-
cation of bio-molecules. Such new concept exploits the dy-
namical characteristics of SMBs, without necessarily being
equivalent to a TMB unit. The scheme of the new set-up is
shown inFig. 8. In the central part of the unit there is the
main SMB, here shown as a 2-2-2-0 configuration as used
in Section 3.3. This can be replaced by any other column
configuration used in a standard SMB unit. The scheme has
a Section 0, which can, if necessary, be operated using a
different solvent (Des. 2) from that in the main SMB, and
a new stream, called the third fraction, can be collected at
the end of this section. After passing through Section 0,
each column is switched to the ‘equilibrate’ section, which
is necessary only if two different solvents are used, in order
to re-equilibrate the column using the same solvent (Des. 1)
as in the main SMB before the column is again included in
the main SMB cycle. A separation into three pure fractions
is possible for a ternary mixture consisting of three com-
pounds A, B and C with Henry’s constants in the sequence
HA > HB > HC. Under proper operating conditions, the
most retained species A will be trapped by the solid phase,
eluted in Section 0, and collected in the third fraction. The
key to obtain both the extract and the third fraction pure
is to control the dynamics of the SMB, and how compo-
nent A propagates.Fig. 9 shows the position of the band of
component A at different time points during one switching
period after the unit has reached cyclic steady state. Com-
ponent A enters the plant with the feed. It advances a bit in
the first column ofSection 3, but is still far away from the
column outlet by the time of the switch, when this column
is switched toSection 2. While the column moves through
all positions ofSection 2, the band advances more, but does
not reach yet the end of the column. Then the column is
switched toSection 1where compound B to be collected in
the extract is eluted. This position is critical for this kind of
separation, since the extract must not be polluted by com-
pound A. This is the case, if compound A does not reach the
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=
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end of
switching period

t n t* + 1/4 t*=
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Fig. 9. Position of successive bands of the most retained component at different times during a switch period. Time increases from the top down.

end of the column at this position before the switch. After
the switch the column reaches Section 0 and all of com-
ponent A can be eluted, if necessary by using a different
solvent, and collected in the third fraction. The key feature
of this approach is that the band of component A can be
switched past the extract outlet without being ever in the
position to leave the unit with the extract. This is possible
in the SMB, due to the simulated nature of the countercur-
rent solid movement, but would not be possible in a TMB
unit. This new operation mode is called three-fraction SMB
separation, i.e. 3F-SMB in short and it was first proposed
in the patent literature[10,11]. As reported in more detail
elsewhere[7], in the case of linear isotherms complete sep-
aration conditions for the 3F-SMB separation are given by
the following relationships:

mL
1 = HB ≤ m1 ≤ mU

1

= HA − ε

1 − ε
(1 + ncol

2 ) − φ − ncol
2 m2 − m3 (9)

HC ≤ m2 ≤ HB (10)

HC ≤ m3 ≤ HB, (11)

where ncol
2 is the number of columns inSection 2,

and the parameterφ accounts for extra column dead
volume:

φ = VD
1 + ncol

2 VD
2 + VD

3

V(1 − ε)
− VD

in + VD
out

V(1 − ε)
(12)

These refer to the sections of the main SMB unit in the
central part of the 3F-SMB configuration inFig. 8. It can be
observed fromEq. (9) and (12)that the number of columns
in Section 2, ncol

2 , can influence the separation performance.

This is because the band of component A moves through the
plant as in a batch column, which means that the residence
time of an individual band of component A inSection 2is
proportional toncol

2 , as long as it does not reach the column
end. Usually this time should be kept short by choosingncol

2
as low as possible in order to make the separation principle
described above work better (seeFig. 9). It has to be noted
that conditions for complete separation also apply form4,
in caseSection 4of the main SMB unit is not dropped,
as it is done here. Proper conditions to operate the other
two sections are easy to derive. It is worth noting that the
inequality(9) onm1, depends onm2 andm3. As a matter of
fact, this enforces a constraint on the values ofm2 andm3
that allow for the existence of a finite range of feasiblem1
values. This can be obtained by imposing the conditions that
the upper bound is larger than the lower one inEq. (9), and
leads to a critical line in the (m2, m3) plane, below which
only operating points that achieve complete separation can
lie [7]. For the 3F-SMB three fraction separation complete
separation is regarded as the operation regime where all
outlet streams exhibit a purity of 100% with the definition
of the purity as:

PT = cT
A

cT
A + cT

B + cT
C

(13)

PE = cE
B

cE
A + cE

B + cE
C

(14)

PR = cR
C

cR
A + cR

B + cR
C

(15)
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4.1. Experimental set-up

In order to implement the 3F-SMB scheme described
above, it is necessary to modify the standard column assem-
bly (Fig. 4) to that illustrated inFig. 10, which has to ac-
commodate more inlet- and outlet connections to realize the
scheme ofFig. 8. An additional pump and the corresponding
multi-position valve PV-908 was installed to controlQD1 in
the ‘equilibrate’ section. For this purpose the P950 ‘sample
pump’ of the ÄKTAexplorer system has been used, which
is not a piston pump and not as accurate as the P-900 used
at the other pump positions of the SMB. For the flow rate
the accuracy is less critical. In the following experiments, a
2-1-2-0 configuration in the main SMB part is adopted. This
means that since there is noSection 4, the raffinate pump is
not needed and can be used to pumpQD2 to Section 0. At
the D2 inlet another multi-position valve P-908 is used. In
order to segregate properly the different parts of the SMB
which use different solvents, the functioning of the check
valve between the last column of Section 0 andSection 1is
very important. To allow for a clean partition, the pressure
at the inlet of the first column inSection 1has to be higher
than the pressure at the third fraction outlet ‘T’ at any time,
which is usually the case when using reasonable flow rates
in the main SMB.

Fig. 10. Plant set-up: single column building block for a 3F-SMB, e.g.
as shown inFig. 8.

4.2. Results

The new SMB concept presented above has been inves-
tigated experimentally in a series of preliminary tests. Four
3F-SMB runs have been carried out adopting the operation
mode described above. The nucleosides dA, dG and dT have
been selected for this separation, where dA is to be collected
in the third fraction, dT in the extract, and dG in the raffi-
nate. Column set� (see Chapter 2) was used in an open loop
2-1-2-0 configuration in the main SMB part with one column
in Section 0 and one column in the equilibration section. The
dead volume per column was determined asVD

1 = 0.245 ml,
VD

2 = 0.5 ml andVD
3 = 0.245 ml. The operating window of

m1 values according toEq. (9) is a function of the Henry’s
constants which depend on the ethanol content in the sol-
vent and on the operating point in the(m2, m3) plane. It can
be readily demonstrated that the ethanol fraction in the sol-
vent is restricted to values below 2.1 vol.% for this kind of
separation. For the experiments presented in this chapter an
ethanol fraction of 1.5 vol.%, a bit smaller than the limit, has
been adopted in order to work under more robust conditions.
In Section 0 an ethanol fraction of 12 vol.% has been cho-
sen to ensure complete desorption in a reasonable time. All
flow rates were kept constant (QD0 = 1.000 ml/min,QD =
1.042 ml/min,QE = 0.258 ml/min,QF = 0.013 ml/min and
QR = 0.797 ml/min) and the switch time was varied from
t∗ = 14 min 15 s tot∗ = 16 min 24 s. A feed concentration
of cF

i = 0.5 g/l for each nucleoside was adopted.
In Fig. 11 the experimental points are plotted in the

(m2, m3) plane, together with the triangular region of com-
plete separation for dG and dT, and the critical line below
which 3F-SMB operating points should lie[7]. The grey

Fig. 11. Separation regions in the(m2, m3) plane for the three fraction
separation of dA, dT and dG including experimental operating points. The
grey area consists of points achieving complete three fraction separation.
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Table 1
3F-SMB separation of dA, dT and dG. Operating conditions of the experimental runs

t∗ (s) m0 m1 m2 m3 mL
1 mU

1 Q0 (ml/min) Q1 (ml/min) Q2 (ml/min) Q3 (ml/min)

A 855 22.15 23.08 15.91 16.72 23.00 27.77 1.000 1.042 0.784 0.797
B 896 23.39 24.37 16.89 17.70 23.00 26.79 1.000 1.042 0.784 0.797
C 942 24.79 25.84 17.99 18.82 23.00 23.59 1.000 1.042 0.784 0.797
D 984 26.07 27.17 18.99 19.84 23.00 21.57 1.000 1.042 0.784 0.797

Ethanol in Section 0: 12 vol.% (HdA = 1.26); ethanol inSections 1–3: 1.5 vol.% (HdA = 69.0, HdT = 23.0, HdG = 16.5); column set� (ε = 0.78,
ID = 0.46 cm, length= 15 cm); dead volume per columnVD

0 = 0.160 ml, VD
1 = 0.245 ml, VD

2 = 0.5 ml andVD
3 = 0.245 ml; column configuration in

main SMB: 2-1-2-0, 1 column in Sections 0 and 1 column in the equilibration section;cF
i = 0.5 g/l for each nucleoside.

area in Fig. 11 defines the only operating points in the
(m2, m3) plane leading to a complete three fraction separa-
tion, providedm1 is chosen to fulfillEq. (9). All operating
parameters of the experiments together with the correspond-
ing upper and lower bounds onm1 (mU

1 andmL
1) according

to Eq. (9) are reported inTable 1. It can be observed that
point C and D do not fulfillEq. (9), whereas for point D
no good value form1 can be found, sincemL

1 > mU
1 . The

purities of the three product streams are plotted versus the
switch time inFig. 12. It can be observed that the raffinate
purity is always 100%, which is consistent with the theoret-
ical prediction (seeFig. 11). The purity of the third fraction
increases from A to B, and remains constant in runs C and
D at a value slightly below 95%. It has to be kept in mind
that with the adopted experimental strategy of keeping the
flow rates constant and just changing the switch time, not
only the values ofm2 andm3, but also that ofm1 changes
according toEq. (8). It can be observed that point A is very
close to the lower bound form1, hence the low purity of the
third fraction in this case can be explained by its pollution
with dT due to a too lowm1 value. The purity of the third
fraction increases from point A to B, which is consistent

Fig. 12. Three fraction separation of dA, dT and dG. Product purity
vs. switch time, with all flow rates kept constant. SMB configuration as
shown inFig. 8.

with the increasedm1 value that allows desorbing dT before
it reaches Section 0. The extract purity increases from A to
C, where the maximum purity of about 95% is reached. It
can be concluded that this is the maximum possible value
reachable with this configuration where only one column
in Section 2is used (see Chapters 3.2 and 3.3). The extract
purity decreases again from point C to D. Also this be-
havior is in accordance with our expectations, sincem1 is
larger than its upper boundthus leading to dA leaking out
of Section 1and polluting the extract.

As a result it can be stated that it was possible to find an
experimental point for a three fraction separation with pu-
rities for all three products above 94%. The theoretical ap-
proach used to find the region of complete separation could
be used to explain the trends observed in the experiments.
We believe that by using more columns inSection 2the pu-
rity of the extract with respect to the impurity dG could be
improved, as this was the case for the binary separation de-
scribed in Chapter 3.2. On the other hand using two columns
at this point narrows the possible operating window form1,
due to its upper bound inEq. (9). This implies that the ap-
plication of the 3F-SMB operation mode is limited to cases
where the selectivity between the two more retained com-
ponents is large enough.

5. Concluding remarks

In this paper, we report about a SMB separation carried
out in a desk-top SMB unit, obtained by modifying a stan-
dard ÄKTAexplorer workstation. This modification has been
made possible by the rather flexible, modular hardware con-
figuration of the standard ÄKTA system that has allowed
for changes and extensions, and by the powerful UNICORN
software, for which a non-standard extension could be de-
veloped to control a much larger number of devices than the
commercial configuration. Two rather significant new results
have been achieved.

First, on this machine we have studied experimentally the
separation of different mixtures of nucleosides, and we have
shown how critical the number of columns used inSection 2
of a conventional SMB is for the extract purity.

Secondly, we have introduced and experimentally tested
a new operation mode, i.e. the 3F-SMB, that allows for the
separation with high purity of three fractions in a single
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unit and in a single process step. Such a unit has a mini-
mum of four sections when a single mobile phase compo-
sition is used, and a minimum of five sections if two differ-
ent mobile phases are used. In the latter case the 3F-SMB
process allows for continuous cleaning in place in Section
0 to eliminate impurities that have been irreversibly bound
to the stationary phase. Criteria to design such a new SMB
operation have been identified[7], that allow to evaluate a
priori whether the new operation can be applied, and which
operating conditions should be selected to achieve complete
three fraction separation.
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